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Traditional physics laboratory courses often focus on experiments with well-known results, limiting
students’ engagement in authentic scientific practices. Course-based undergraduate research experiences
(CUREs), where students engage in real research with unknown outcomes, have been shown to support
positive student outcomes, such as increased self-efficacy, persistence, and engagement in scientific
practices. However, discipline-specific studies of CUREs in physics remain limited. We describe the
development, structure, and initial implementation of a photovoltaics-focused CURE in a second-year
undergraduate physics laboratory course at the University of Colorado Boulder. To examine how students
experienced the course, we analyzed end-of-semester reflection assignments using the five CURE
components (i.e., scientific practices, discovery, relevance, collaboration, and iteration), as well as
established dimensions of research authenticity, as analytic frameworks. Students described experiences
associated with all five CURE components, with collaboration, relevance, and scientific practices
appearing most prominently in their reflections. Students also associated authentic research with
meaningful scientific contribution, engagement in authentic scientific practices, and navigating the
uncertainty and setbacks inherent in research, although fewer explicitly identified themselves as
researchers or scientists. A subset of students additionally connected the course to their immediate
thinking about future academic and professional pathways. This work contributes both a discipline-
specific model for implementing CUREs in experimental physics laboratory courses and provides insight
into how students interpret and experience authentic research within this course context.

DOI: 10.1103/ps1v-wqr1

I. INTRODUCTION

For nearly 150 years, laboratory courses have been an
important part of the physics curriculum [1]. These courses
provide students with direct, hands-on opportunities to
engage in observation and experimentation. Lab courses
have a variety of goals, including helping students “think
like physicists,” combining theoretical understanding with
practical skills, and developing the habits of mind that
support scientific inquiry [2]. The American Association
of Physics Teachers (AAPT) Committee on Laboratories
recommended that undergraduate lab courses should
support students in developing key skills, including con-
structing knowledge, modeling, designing experiments,
building technical and practical laboratory proficiency,

analyzing and visualizing data, and communicating phys-
ics effectively [2].
In studies looking at the landscape of physics laboratory

instruction, many lab courses do not give students a choice
of which experiments to complete and focus on students
completing activities that have results that are already
known to the instructor or that confirm results covered in
a lecture course [3,4]. These courses often consist of
prescriptive labs, or activities that provide step-by-step
instructions that lead students through a predetermined
experiment to verify a known outcome. In this work, we
use the term traditional prescriptive labs to describe these
verification-style, highly structured activities.
The highly structured nature of traditional prescriptive

labs may shape how students engage with experimental
work and what they perceive as the goals of laboratory
activities [5–15]. It has been shown that instructional labs
that focus on reinforcing understanding of physics con-
cepts do not measurably achieve this goal [8,10] and labs
that have prescriptive instructions do not require students
to think critically or engage deeply with the underlying
physics [11]. The structured nature of these activities may
discourage sensemaking and reflection, leading students to
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complete activities without monitoring or evaluating their
reasoning [5]. Additionally, some students report they
believe that simply following the provided procedure is
sufficient for completing lab activities, even when con-
ceptual understanding is an intended goal [12]. When
laboratory activities emphasize reproducing known results,
students may begin to equate “successful science” with
obtaining expected answers rather than engaging in inquiry
or discovery [16] and may resort to questionable research
practices to arrive at the expected answer [17]. Traditional
prescriptive labs may also have a negative impact on
student motivation, as many students find them uninspir-
ing, potentially reducing interest in continued study of
experimental physics [18]. These findings highlight the
importance of designing laboratory experiences that more
fully support students’ engagement in authentic experi-
mental practices.
Laboratory activities that incorporate unknown out-

comes have been shown to foster a stronger appreciation
for the development of scientific knowledge [12] and
provide more opportunities for students to engage authen-
tically with experimental physics practices [9,13]. One
laboratory modality that incorporates open-ended activ-
ities and is designed to more directly address the AAPT
recommendations is the implementation of course-based
undergraduate research experiences (CUREs). CUREs
provide students with an authentic research experience
as part of a regular course. Unlike traditional research
opportunities, which require applications or faculty selec-
tion, participation is integrated into the course structure. A
defining feature of a CURE is that student work contrib-
utes to the generation of new knowledge with relevance
beyond the classroom. Auchincloss et al. define five core
components that characterize a CURE. The following
descriptions are adapted from their framework [19].
• Use of scientific practices. Students engage with
multiple scientific practices, such as asking questions,
building and evaluating models, proposing hypotheses,
using the tools of science, gathering and analyzing
data, developing and critiquing interpretations and
arguments, and communicating findings.

• Discovery. Students address novel scientific issues,
developing and testing new hypotheses, and the
students’ results should offer new insight into
the issue.

• Broadly relevant or important work. Students con-
tribute to current scientific knowledge and have the
opportunity for impact beyond the classroom.

• Collaboration. Students work collaboratively, prac-
ticing communication skills and integrating multiple
perspectives into problem solving and addressing a
shared research question.

• Iteration. Students engage in iterative processes,
including revising experimental designs, refining
and repeating analyses, and troubleshooting or prob-
lem solving in response to results.

These components do appear in other lab-course modal-
ities, but all five components are required to distinguish
a CURE from other course formats. While the CURE
components are often discussed as distinct components,
students may not experience these components independ-
ently in practice. From a sociocultural learning perspective
[20], learning environments are shaped through intercon-
nected experiences involving participation, collaboration,
identity development, and engagement with disciplinary
practices [21–24]. As a result, different aspects of authen-
tic research experiences may reinforce one another in
students’ reflections on their work.
Although physics-specific studies of CUREs remain

limited [25,26], a substantial body of research in other
STEM disciplines, particularly biology, has examined their
impact. Students participating in CUREs demonstrate
increased self-efficacy and motivation and are more likely
to persist in their fields of study [27]. Studies also report
gains in content knowledge and analytical skills [19], with
outcomes comparable to those associated with traditional
undergraduate research experiences (UREs) [25]. Unlike
traditional research experiences, which are typically avail-
able to only a small number of students, CUREs provide
entire classes with opportunities to engage in research
questions relevant beyond the classroom, while lowering
barriers to participation [28]. Despite this growing body of
evidence showing that CUREs promote positive student
outcomes in other STEM disciplines, and the explicit
recommendation of their implementation in the Effective
Practices for Physics Programs (EP3) guide as a strategy
for expanding access to authentic research experiences
[29], physics has been identified as a field where CUREs
remain limited within the curriculum [26].
In the absence of established frameworks to support

the development and sustainability of physics-specific
CUREs, and given the amount of effort required to develop
them, instructors may be hesitant to create such courses.
Additionally, due to the limited study of CUREs in
physics, it is not clear if there are fundamental differences
between the fields of physics and chemistry and biology
that lead to additional challenges in creating and sustaining
CUREs in physics, such as types of research questions
or equipment. As a result, it remains unclear how best to
expand CURE opportunities within physics or how to
design them for long-term sustainability. Rigorous educa-
tion research is needed to understand these discipline-
based differences and build frameworks for implementing
physics CUREs in a sustainable manner. Meeting this need
has motivated our broader research efforts.
The work presented here is part of our broader effort to

support the implementation and sustainability of physics
CUREs. Our long-term goals are to (1) identify the
opportunities and challenges for implementing and sus-
taining physics CUREs and (2) develop a framework of
effective practices to support the creation and expansion of
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CUREs in physics. This framework will address topics such
as identifying strong research partnerships, designing for
engagement with all five CURE components, assessing
course impact, and preparing instructional teams for
research-based instruction. As an initial step toward these
broader goals, we developed, implemented, and evaluated a
photovoltaics (PV)-focused CURE in a second-year under-
graduate physics laboratory course at the University of
Colorado Boulder. The CURE began in Fall 2024, with
students investigating how environmental stressors (temper-
ature and illumination) affect the external quantum effi-
ciency of metal-halide perovskite (MHP) solar cells in
partnership with the National Lab of the Rockies (NLR),
formerly National Renewable Energy Laboratory.
Here, we make two complementary contributions

toward these broader goals. First, we document the
development, structure, and initial implementation of a
scalable, in-person experimental physics CURE to provide
a discipline-specific model that can support instructors
interested in developing similar courses. Second, we
analyze data from an end-of-semester reflection assign-
ment to characterize student experiences during the first
implementation of this CURE. Specifically, we investigate
the following research questions (RQs):

1. RQ1: How did students perceive and characterize
their experiences with the five CURE components
integrated into the course?

2. RQ2: How did students describe and interpret
their authentic research experiences, including per-
ceptions of authenticity and engagement with
ill-defined problems?

3. RQ3: What immediate reflections did students
report about their future academic and professional
goals at the conclusion of the CURE?

In the sections that follow, we first situate this work
within the broader literature on CUREs. We then describe
the design and implementation of the photovoltaics CURE,
followed by an analysis of first-semester outcomes and
implications for future iterations.

II. BACKGROUND

To determine how physics CUREs can be implemented
in scalable and sustainable ways, it is necessary to consider
both the broader landscape of undergraduate research and
the structural challenges that shape CURE adoption across
STEM disciplines. In this section, we examine student
benefits and access issues of traditional UREs, outline the
documented benefits of CUREs and identified implemen-
tation challenges, and then examine the current state of
CUREs in physics within this larger context.

A. Benefits of, and barriers to participation in, UREs

Prior research has shown many benefits to student
participation in traditional UREs [19,27,30–32], which

we define as a student working with a faculty member,
postdoc, or graduate student in an apprenticeship-style
model. UREs have been shown to improve student
performance in STEM courses [27] and increase persist-
ence in STEM degree programs [33]. Through research
experiences, students are able to develop transferable
research skills [34] and learn to think and work “like a
scientist” [35,36]. These opportunities allow students to
begin developing their professional network by facilitating
relationships with their peers and with senior scientists
[19]. Students who participate in UREs have also dem-
onstrated an increased interest in, and preparedness for,
entering the STEM workforce [37]. These outcomes have
also been shown to be particularly beneficial to students
from marginalized groups [28,32,33,38–40].
However, there are barriers that prevent many students

from participating in traditional UREs. The demand for
UREs often exceeds the number of available opportunities,
and many departments lack the resources to support broad
student participation [19,41]. Due to the limited number of
research opportunities, strict selection criteria, such as
minimum course grade requirements [28], are commonly
used to select undergraduate researchers. These criteria
may not reflect a student’s research capabilities and
can result in capable students being excluded from
research. Additional barriers include a lack of awareness
about how to pursue research opportunities [42], as well as
other financial or personal barriers (e.g., family respon-
sibilities) that make participation in traditional UREs
inaccessible [40,43].
CUREs offer a potential way to lower these barriers and

create opportunities for a larger population of students to
engage in authentic research [25,28,44]. It should be noted
that CUREs are not intended to replace traditional UREs,
but rather to complement them.

B. Broad benefits of CUREs

Participation in CUREs has been shown to result in
similar student outcomes to those associated with UREs.
Students demonstrate increased engagement with, and
persistence in, STEM [44–46]. They also show gains in
scientific reasoning, critical thinking, and a deeper under-
standing of the nature of scientific research and the
practices of working scientists [19,47,48]. CUREs help
students build research and technical skills [19,49,50], and
foster increased science identity and project ownership
[51,52]. Participation in CUREs has also been linked to
greater science self-efficacy [45,53,54], and can support
students in clarifying and reinforcing their STEM
career goals [31,49,54,55]. Finally, CUREs provide oppor-
tunities for students to engage with more authentic
measures of scientific success. Unlike traditional lab
courses that often prioritize correct answers, CUREs
emphasize iteration, problem-solving, and collaboration.
Students report that successfully navigating obstacles,
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contributing to effective teamwork, and engaging deeply
with research processes are meaningful outcomes of their
CURE experience [50,56,57].

C. Challenges to designing and implementing CUREs
in nonphysics disciplines

The positive impacts of CUREs are numerous, but it is
also important to acknowledge the challenges associated
with their development and implementation. Because
CUREs remain underrepresented in physics, much of
the existing literature on implementation barriers origi-
nates from biology education research. Brownell and
Tanner [58] identified three main barriers to implementing
CUREs: lack of time, lack of incentives, and lack of
training.
Instructors often face competing demands from

research, teaching, service, and other professional respon-
sibilities, making the time investment required for devel-
oping and implementing CUREs difficult [58–62]. These
time demands begin with learning a new teaching
approach and continue through the course development
and implementation phases. Even after a CURE is estab-
lished, it typically requires more instructional effort than
traditional lectures or prescriptive lab formats [63].
Graduate TAs have also expressed concerns about the
time commitment involved in learning and teaching as part
of CUREs [64]. Beyond personal time commitments,
instructors also express concern about aligning CURE
content with existing course structures and timelines [65].
These time constraints are exacerbated by the lack of

incentives for instructors to pursue implementing CUREs.
Instructors identified incentives that would encourage
them to create and teach a CURE, including temporary
reduction in their teaching load, financial support, and
recognition of teaching efforts through awards and con-
sideration for tenure and promotion [58]. However, the
extent to which these incentives can be offered often
depends on the institutional context. It appears to be rare
for instructors to be explicitly prevented from developing a
CURE, but support at both the departmental and admin-
istrative levels may still be limited [61].
Instructors and TAs also reported a lack of training as a

barrier, both in terms of science content and pedagogical
preparation [58,64]. When a CURE’s research topic is
outside an instructor’s area of expertise, they may feel
unprepared to support students and to guide graduate
TAs effectively. For TAs, limited familiarity with the
research content combined with minimal teaching expe-
rience can compound feelings of uncertainty and add to
the challenge of facilitating a CURE. This, in turn, contri-
butes to instructors’ concerns about finding TAs who are
adequately prepared to teach in these courses [65].
Beyond these three core barriers, instructors also report

logistical and structural challenges. Instructors cite re-
source limitations, such as lack of funding for equipment

or materials needed to complete the research, a lack of
available space to conduct the research, and a lack of
personnel, either graduate TAs or other instructors, as a
challenge to implementing CUREs [60–62]. Limited
resources may also contribute to faculty having difficulties
finding an authentic research project that they can imple-
ment with what is available to them. Instructors may also
struggle to find a project that aligns with the goals and
constraints of the specific course being transformed [62].
Finally, instructors and TAs also report student-related

barriers to implementing CUREs. These include concerns
about students’ academic readiness and their willingness
to engage with the structure and goals of a CURE. Because
students are often accustomed to laboratory activities with
predetermined outcomes, they may struggle with the
inherent open-endedness and uncertainty of authentic
research [61]. This mismatch between student expectations
and the nature of a CURE can lead to frustration or
resistance. Instructors also express concern about students’
ability to collaborate effectively [60]. While collaboration
is central practice of scientific research, many students
report disliking group work, despite typically reporting
positive experiences after the fact [66], which can pose
additional challenges in CURE settings.

D. CUREs in physics

1. Representation of physics CUREs in the literature

A comprehensive overview by Buchanan and Fisher
[26] identified 242 CUREs implemented across STEM
disciplines between 2000 and 2020, with physics identified
as one of the fields with relatively few published descrip-
tions of CURE implementation. However, minimal does
not mean nonexistent. On CUREnet, two examples are
listed: one focused on catastrophic cancellation in a
traditional elastic collision experiment [67,68], and
another in geophysics comparing methods for detecting
cave features and mapping minor cave passages in the
Bracken Preserve [69]. Additional CURE and “CURE-
like” programs in physics and astrophysics have explored
topics such as imaging and reducing uncertainties in
asteroid orbits [70], constraining orbital parameters of
large transiting exoplanets [71], building and testing
instruments to study properties of a local river [72], and
constructing muon detectors to investigate shielding effec-
tiveness and variations in muon production due to solar
activity and local weather conditions [73]. In response to
the COVID-19 pandemic, CU-Boulder also developed and
implemented the first remote, large-enrollment (N > 400
per semester) physics CURE [50,74–76].
These examples represent a heterogeneous collection of

instructional models. Existing examples include CURE-
like or quasi-CURE astronomy experiences, authentic
learning experiences not explicitly framed as CUREs,
geophysics and astrophysics CURE implementations,
and multiple publications arising from the same remote,
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large-enrollment solar physics CURE. Collectively, these
studies demonstrate that physics CUREs can be imple-
mented across a variety of contexts, but comparatively
little has been published about the implementation of, and
outcomes from, in-person experimental physics CUREs.
Consequently, important questions remain regarding how
these courses can be designed, sustained, and adopted
more broadly.

2. Barriers to implementing CUREs in physics

To better understand how these challenges manifest in
physics departments, we conducted interviews in Fall 2023
with 33 physics and astrophysics instructors across 19
institutions [77]. Our findings revealed substantial overlap
with the challenges reported in biology. The instructors
interviewed identified time as the biggest challenge. They
identified similar incentives, course releases and summer
salaries, that would allow them to develop a CURE. Many
expressed concerns about their preparedness to manage
and support personnel, specifically graduate TAs.
Additionally, physics instructors discussed concerns

about students’ “academic maturity.” Because students
are often accustomed to laboratory activities with known
outcomes, instructors worried they might struggle to adapt
to the uncertainty and “messiness” of authentic experi-
mental research. One instructor noted a concern that
students might internalize their frustration at not arriving
at a “correct answer” as a personal failure. A small number
of instructors mentioned that limited physical resources,
such as equipment and lab space, could present challenges.
However, most instructors did not anticipate institutional
resistance to implementing a CURE and believed that
aligning the course with career readiness goals would make
it broadly acceptable. At the same time, they expressed
uncertainty about what concrete institutional support, such
as funding, equipment, laboratory space, or teaching
releases, would be available to sustain implementation [77].
These findings underscore the importance of institu-

tional support, intentional course design, and personnel
preparation in developing sustainable physics CUREs.
Together, they highlight the structural considerations that
must be addressed to support long-term implementation
within physics departments.

3. Colorado Physics Laboratory Academic Research
Effort (C-PhLARE) CURE

While these barriers present meaningful challenges to
sustained implementation under typical institutional
conditions, the COVID-19 pandemic created an opportu-
nity to experiment with large-scale physics CURE
design under remote laboratory constraints. In response,
CU-Boulder developed the C-PhLARE. The C-PhLARE
CURE was a solar physics research experience that ran for
three semesters (Fall 2020, Spring 2021, and Fall 2021).
The project was mentored by a research scientist from

the Laboratory for Atmospheric and Space Physics at
CU-Boulder and aimed to investigate the heating mecha-
nism of the solar corona. Two leading hypotheses, nano-
flares and magnetohydrodynamic waves, have been
proposed as sources of this heating [76]. Students analyzed
x-ray data from one of the Geostationary Operational
Environmental Satellites (GOES-15) that was publicly
available in the Space Weather Data Portal to examine
if nanoflares could be frequent enough to account for the
heating of the corona [78,79]. The more than 1200 students
who participated in the C-PhLARE CURE contributed
the results, which are detailed in Mason et al. [80], with
students as coauthors.
For this remote CURE, students were put into teams of

3–4 and met synchronously weekly with their team for 2 h
via Zoom. A graduate TA also attended these synchronous
meetings. The C-PhLARE CURE consisted of the follow-
ing phases [50]: (1) project onboarding, (2) research plan
development, (3) data analysis, (4) peer review, (5) deter-
mining power-law of distribution, (6) documentation and
reflection. Each team of students selected and analyzed at
least one solar flare from the Space Weather Data Portal
[78,79]. The results from the students’ analysis were then
aggregated to create the flare frequency distribution.
Additional details outlining the course phases can be
found in Werth et al. [50].

4. Success of C-PhLARE CURE

In addition to contributing meaningfully to the solar
physics community, the C-PhLARE CURE positively
impacted participating students. Many students reported
engaging in authentic research practices, including using
scientific tools, answering research questions, and shar-
ing their results with the scientific community [76].
Students also reported gains in coding skills and con-
fidence using coding as a research tool [74]. Positive
teamwork was another significant impact of the course.
Students described their group experiences as both
productive and enjoyable, and identified collaboration as
an essential part of their overall research experience [50].
Analysis of the Colorado Learning Attitudes about
Science Survey for Experimental Physics (E-CLASS) [7]
responses further showed that C-PhLARE participation
increased students’ expertlike views related to authentic
research, science communication, and confidence in their
research abilities [75].
These outcomes highlight the impact of a physics

CURE. However, while the C-PhLARE project success-
fully documented course-level impacts and offered guid-
ance for implementing remote CUREs, it did not, and was
not meant to, address long-term sustainability of CUREs
[74]. Because it was designed to operate only while remote
labs were required during the pandemic, questions remain
regarding how to design physics CUREs that are sustain-
able, scalable, and compatible with in-person laboratory
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environments. Furthermore, due to its remote structure, the
C-PhLARE CURE could not investigate the opportunities
and challenges associated with in-person lab settings. To
help fill these gaps, we have developed an in-person
physics CURE in which students investigate how envi-
ronmental stressors affect the performance of MHP
photovoltaics.

III. COURSE DEVELOPMENT

The transformed course, PHYS 2150: Experimental
Physics 2, is a one-credit, second-year lab course at
CU-Boulder, which was previously offered as a traditional
prescriptive modern physics laboratory course. The course
format consists of a weekly 50-min lecture and a 2-h lab
meeting. The lecture component ends after the first half of
the semester. PHYS 2150 is a required course for physics,
astrophysics, and engineering physics majors and serves
∼200 students per academic year. While it is not directly
linked to any theory lecture course, PHYS 2130:
Introduction to Quantum Mechanics and Its Applications
or PHYS 2170: Foundations of Modern Physics are
prerequisite or corequisite courses for students taking this
lab. Additionally, PHYS 1140: Experimental Physics 2,
which is an introductory lab course, is a prerequisite.
The development of the PHYS 2150 CURE began with

instructor interviews. We conducted interviews with 33
instructors, representing a variety of physics research
specializations, from 19 different institutions, ranging
from community colleges to R1 institutions. Eleven of
the instructors were from CU-Boulder. The instructors
were a combination of research faculty, teaching faculty,
and lab coordinators. The purpose of these interviews was
to probe instructor views on their learning goals for lab
courses and what they identified as challenges and oppor-
tunities of implementing CUREs [77]. From these inter-
views, error analysis and propagation, data analysis,
experimental design, programming, and writing were
the most commonly identified learning goals [77]. We
also hosted an open meeting with CU-Boulder physics
faculty to discuss the PHYS 2150 course transformation
and gather additional input on learning goals. The faculty
identified measurement uncertainty and error analysis and
hands-on equipment use and data acquisition as the top
two priorities.
Based on the discussions with faculty, the context of

PHYS 2150 in the broader department curriculum, and the
CURE framework, the following learning goals were
chosen:
Students should be able to…
• explain the main components of the research process
• design and execute an experimental plan
• use PYTHON to do basic experimental data analysis
• identify a research question and conduct analysis to
answer it

• iterate on proposals and experimental design based on
feedback

• work collaboratively with a team of students to
achieve a common goal

It was equally important to make clear to the students
and instructors what were not learning goals for the course.
In the syllabus, students are told that this course is not
meant to:
• reinforce physics concepts covered in the prerequisite
or corequisite courses.

• make you an expert PYTHON programmer.
• have you understand all of the details of solar cells.
Additionally, the course includes metacognitive goals,

alongside personal and professional development goals.
These include clarifying career aspirations, strengthening
students’ identities as scientists and members of the
scientific community, and helping students recognize their
participation in authentic research, particularly by engag-
ing with the uncertainty, iteration, and complexity inherent
to experimental science.
Once the goals for the course were established, a

research focus and associated science mentor had to be
identified. Sustainability was a central consideration in
selecting the research component of the course, and several
constraints guided both decisions. In this context, sustain-
ability referred not only to financial feasibility, but also to
logistical, instructional, and research continuity across
semesters.
The project needed to be scientifically relevant, such

that students would contribute new insight to the research
area, while remaining feasible within the time structure
of a semester-long laboratory course. Additionally, the
project design also needed to make clear why student
participation was necessary, ensuring that students were
contributing meaningfully to the research rather than
completing tasks that could be more efficiently performed
by a different team of researchers or automated analysis.
The course needed to rely on equipment and materials
accessible within existing departmental resources and
financial constraints, be scalable to accommodate all
enrolled students, and generate datasets that were mean-
ingful, yet manageable, for novice researchers. The project
therefore had to support repeated implementation across
semesters without requiring substantial modification to
equipment or specialized expertise beyond the instruc-
tional team.
In addition to these considerations, the science mentor

needed to be willing to engage not only with the instruc-
tional team, but also directly with students across multiple
semesters. We define the science mentor as an active
researcher within the research domain of the CURE who
collaborates with the instructional team and students to
provide scientific direction, ensures that the project
reflects the norms and methodologies of that subfield,
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and supports the integration of the research project into the
broader scientific community. This required a commitment
to participating in course activities as needed, including
visiting the class, assisting with background literature and
scientific framing for both instructors and students, and
providing essential research materials or tools, such as
experimental samples or commonly used data analysis
tools and methods.
Within our institutional context, the partnership with

NLR on studying photovoltaic degradation met these
considerations in several key ways. In addition to being
a senior research scientist at NRL, the science mentor is
also physics faculty at CU-Boulder. This made him
accessible to both the instructional team and the students,
while the research topic itself satisfied many of the
scientific and logistical requirements of the course.
MHP devices represent an active and rapidly evolving
area of materials research [81–84], providing opportunities
for authentic student contributions. The range of param-
eters to test (i.e., wavelength, temperature, fabrication
method) was too large to be explored by NRL scientists in
a reasonable amount of time; thus, the contribution from a
large number of students was critical and not artificial. The
experimental measurements required to probe device
performance could be completed within a single semester
and were readily scalable across multiple student teams.
The equipment needed for the experiments was not overly
expensive or complicated and could be easily fabricated
and/or purchased. Additionally, the science mentor’s
ongoing research program and sustained engagement with
the course ensured continued access to materials and a
sustainable overarching research direction, with flexibility
to pursue distinct semester-specific research questions in
future iterations within the same course structure and with

FIG. 1. Current density-voltage (J-V) apparatus. (1) Source-
meter, (2) solar simulator, (3) hotplate, (4) electrical connection
breakout box, (5) alignment device, (6) computer with user
interface, and (7) UV protection glasses.

FIG. 2. EQE apparatus. (1) chopper-wheel controller, (2) digital
multimeter, (3) lamp power supply, (4) lock-in amplifier,
(5) monochromator, (6) filter wheel, (7) quartz tungsten halogen
lamp, (8) transimpedance amplifier, (9) computer with user
interface, (10) mirrors, (11) iris, (12) microscope objective,
(13) chopper wheel, (14) power-meter sensor, (15) hotplate, and
(16) electrical connection breakout box.
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the same equipment. This partnership further enabled the
course to focus on a research problem with clear scientific
and societal relevance, which included renewable energy
through the use of photovoltaics.
Photovoltaics are an important component of the tran-

sition to renewable energy. MHP devices, first developed
for photovoltaics applications only about a decade ago,
have emerged as promising materials because they can
achieve power conversion efficiencies comparable to
silicon while offering significantly lower energy payback
times due to simpler fabrication processes. However, MHP
devices currently suffer from lower stability and reliability
than conventional silicon photovoltaics. To better under-
stand the factors that influence device degradation, this
project investigates how performance changes as a func-
tion of illumination wavelength and temperature for
devices fabricated using different material compositions
and fabrication methods. Because many of the degradation
pathways in these materials remain poorly understood,
empirical measurements are essential for identifying the
mechanisms that limit device lifetime. To quantify the
device performance, we are using the industry standard

measurements, current density vs voltage (J-V) and exter-
nal quantum efficiency (EQE).
Two data collection apparatuses, one for measuring

(J-V) and another for measuring (EQE), were built by our
Director of Undergraduate Laboratories the summer
before the course ran for the first time. These apparatuses
were modified and improved over the following year based
on feedback from the students and graduate TAs. Labeled
images of the apparatus can be seen in Figs. 1 and 2.

IV. COURSE STRUCTURE

The course structure consists of three phases,
(1) research onboarding, (2) data collection and analysis,
and (3) investigating team project question. Each compo-
nent takes approximately one-third of the semester. A
timeline of the course is shown in Fig. 3. Detailed
descriptions of course activities and the course schedule,
including deliverables, are provided in Supplemental
Material [85].
The course is structured around two complementary

levels of research questions. At the course level, data
collection is guided by a central research question defined

FIG. 3. Timeline of course activities. The three phases of the course are distinguished by color: research onboarding (weeks 1–5)—
blue, data collection (weeks 6–11)—orange, and investigating team project questions (weeks 12–17)—green. This timeline reflects the
Fall 2025 semester following the introduction of a university reading day. These activities were also implemented during the Fall 2024
semester, though the timing of activities differed slightly between semesters.
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in collaboration with the science mentor, ensuring that all
student teams contribute to a shared, scientifically relevant
dataset. At the team level, students develop their own
research questions later in the semester using this aggre-
gated dataset. This structure is intentional. Because stu-
dents are new to research, they are not expected to
formulate well-posed research questions prior to data
collection. Instead, the course emphasizes the practice
of generating new questions from existing data, which is a
common approach in many areas of physics and astronomy
(e.g., data mining and archival analysis).

A. Lecture, lab, and assessment

Across all three phases of the course, students partici-
pate in both lecture and laboratory components. During
lecture time, there are seven interactive sessions on topics
including the science of photovoltaics, measurement tech-
niques and instrumentation, developing research questions
and proposals, measurement uncertainty, fitting, collabo-
ration, and data management. Lecture time also includes
two group meetings with the science mentor (one at the
beginning and one at the end of the semester), as well as a
proposal workshop in which students work in teams to
define their own research questions and analysis plans for
the team project.
During weekly lab session, students are provided with a

lab guide that outlines the course activities for the week,
including a suggested schedule and the deliverables due at
the end of the week. As students become more familiar
with the course and gain confidence in their work, the
guides become progressively less detailed.
Coursework points are split approximately 50=50

between individual and team assignments (see Table I

for a detailed breakdown). While students are encouraged
to discuss ideas and questions about individual assign-
ments with their teammates, TAs, or the instructor, the
work they submit must be their own. Team assignments
are completed collaboratively, and each team member is
required to submit an identical copy. The weekly Google
Colaboratory (Colab) notebooks include an author con-
tributions section, where students list each team member
and briefly describe their contributions during that
week’s lab session. Example contributions include taking
measurements, performing data analysis, and answering
questions based on the week’s results. The use of artificial
intelligence (AI) tools is permitted and encouraged for
coding tasks, such as generating code snippets, debug-
ging, and seeking coding-related advice. However, any
AI-generated code must be reviewed by the student. Each
Colab notebook includes an AI statement, where students
are required to identify the AI-assisted tools they used,
how they used them, and at what stage(s) of the coding
process (e.g., initial development, troubleshooting) the
tools were applied. Across the entire semester, students
complete weekly reflections consisting of a mix of Likert
scale and open-response questions. These reflections are
meant to capture students’ experiences and engagement
with the five CURE components, as well as their
metacognitive, personal, and professional development.

B. Research onboarding

The research onboarding phase is meant to prepare
students for subsequent course activities by emphasizing
teamwork, reading scientific literature, and hands-on
experience with data collection and analysis.

TABLE I. Overview of individual and team assignments and their associated point values in PHYS 2150.
Additional details can be found in Supplemental Material [85].

Assignment Items Points Total pts

Individual assignments (215 pts)
Lab participation 13 5 65
Lecture clicker questions 5 10 50
Online assessments and surveys 5 2 10
Reflection questions 12 5 60
PYTHON tutorial 1 15 15
Apparatus video 1 5 5
Report to Future Researchers 1 10 10
Team assignments (175 pts)
Teamwork scenarios 1 5 5
Colab notebooks 7 15 105
Questions for science mentor 1 5 5
Data management plan 1 5 5
Team project proposal (2 iterations) 2 10=5 15
Team project results slide 1 10 10
Team project colab notebook 1 5 5
Team project results memo 1 25 25
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During the first lab meeting, the students work through a
selection of teamwork scenarios inspired by the Center for
the Improvement of Mentored Experiences in Research
[86]. The scenarios focus on communication and navigat-
ing through conflict. After working through their selected
scenarios, each team suggests two norms that will encour-
age productive teamwork throughout the semester. In the
first week, students also complete a precourse survey and
the pretests for two research-based assessment instru-
ments: Colorado Learning Attitudes of Science Survey
for Experimental Physics (E-CLASS) [7] and the Survey
of Physics Reasoning on Uncertainty Concepts in
Experiments (SPRUCE) [87].
During the second week of onboarding, students are

given their semester-long team assignments. Teams are
determined by the instructor and based on information
collected in the precourse survey, such as coding experi-
ence. We have found the ideal number of students per team
is three, but this depends on the complexity of the research
project. Teams of two students can be problematic if one
student is not able to attend the lab session and also limits
the students’ opportunity to develop teamwork skills.
Prior to the second lab session, students are assigned

annotated sections of two scientific papers to read in
preparation for the upcoming lab meeting with the science
mentor. After being assigned to their teams, the students
work together to summarize the papers and identify any
unresolved questions. Each group shares their discussion
summaries and questions with the full lab section, which
has up to 18 students. After the section discussion, each
team submits three questions for the science mentor. The
questions are aggregated, curated, and sent to the science
mentor ahead of their first lab visit. For the remainder of
the second lab session, each student independently com-
pletes a tutorial designed to build foundational skills in
PYTHON and Colab. Based on the precourse surveys, 24%
of students reported having zero coding experience prior to
the course and 38% reported feeling “not confident” with
coding or programming. The tutorial, and subsequent
notebooks, provide students with code templates that
they are able to use throughout the semester (e.g., data
structure, basic scripts for calculations and plotting,
dataframes).
The remaining 2 weeks of onboarding (weeks 4 and 5)

are spent on apparatus training and baseline (unstressed
cells) data collection and analysis. Each team is given a
device (cell) with 6–8 individual solar PV components
(known as pixels) and they spend one week familiarizing
themselves with each apparatus and taking data for each
pixel. After collecting their data, students analyze it based
on the measurement performed that week. For EQE
measurements, they calculate and plot the external quan-
tum efficiency curves. For current density-voltage mea-
surements, they plot the J-V data and determine the power
conversion efficiency of the device.

C. Data collection

The second phase of the course focuses on data
collection and analysis while the cells are being continu-
ally stressed. During the Fall 2024 semester, students were
provided with four temperature conditions (55, 60, 65, and
70°C) and four illumination wavelengths (450, 530, 595,
and 730 nm), and each team selected the parameters under
which their device would be stressed. A solar cell and
stressing station are shown in Fig. 4. Each week during the
data collection phase, the students remove their team’s cell
from its stressing station and take both EQE and J-V
measurements for each pixel. Students receive a Colab
notebook each week to engage them with new analysis
tools, including techniques for plotting from multiple CSV
files, calculating and visualizing error bars, and perform-
ing linear regression and other fitting methods. This
pattern continues for all weeks in the data collection phase.

FIG. 4. Cell and stressing station. Top image: example of solar
cell with attached edgecards, which make electrical contacts with
each individual pixel. Six white dots in the center of the cell
packaging are guides to indicate location of pixels. Bottom
image: example of stressing station. A cell is located on a
hotplate set to 65°C with 450 nm wavelength LED illumination.
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After 3 weeks of data collection, students begin devel-
oping a team project question and analysis plan that
they will complete using the aggregated class dataset. To
support this process, students receive a structured proposal
guide to help them organize their ideas. One lecture period
is dedicated to a proposal workshop in which the instructor
provides real-time feedback and answers questions as
teams brainstorm their projects. Students then submit a
first draft of their proposal, receive TA feedback, and
revise and resubmit it for final instructor feedback.

D. Investigating team project question

In the final phase of the course, students answer their
team project question and communicate their results. The
aggregated dataset from all teams is saved as a hierarchical
data format version 5 (H5) file, and students spend three
lab sessions completing their proposed analysis and work-
ing on presenting their results. Their results are commu-
nicated in two formats. First, each group creates a one-
slide summary of their findings. These slides are compiled
and shared with the science mentor prior to the final group
meeting held during the final lecture of the semester. This
allows the science mentor to highlight the students’ work
and discuss how the data they collected over the semester
will be used. Each team also writes a research memo that
includes an overview of their research question, a descrip-
tion of their data selection and analysis methods, a
presentation of their findings and interpretation, and a
concluding section with key takeaways and suggestions for
future work. The memo also includes author contributions
and the Colab notebook used for the final analysis. In
addition to the research memo and summary slide, students
also complete the assessment posttests (E-CLASS and
SPRUCE), a postcourse survey, an end-of-course reflec-
tion assignment, and the Report to Future Researchers
assignment during the final weeks of the semester.

E. Report to Future Researchers

In the final week of the semester, students completed a
400–800 word Report to Future Researchers (hereafter,
reports). For this assignment, students were reminded that
the research in the course would continue into the next
semester and were asked to introduce the incoming
students to the course and the project. Students were
prompted to address the following questions:

1. Explain the research—How would you describe the
purpose and significance of the project to someone
new? How does each student’s contribution fit into
achieving the goals?

2. Reflect on lessons learned—What were the most
valuable lessons or skills you developed this semes-
ter, and howmight they benefit future participants in
the course?

3. Advice for future participants—What strategies
would you recommend to new students to help

them effectively engage with the research process
and contribute to the project?

4. Keys to success—What should a new student
consider to succeed in both their individual work
and the overall class project?

The reports are incorporated into subsequent iterations
of the course. During the first week of each semester,
students are given access to all deidentified reports from
the previous semester. Within their teams, each student
randomly selects two reports to read individually, after
which groups discuss the following prompts:

1. What themes do you see in these reports?
2. What surprises you in students’ reflections on the

course?
This activity is designed to continue across semesters,

with each cohort engaging with reports produced by the
previous class. These data will be the focus of this analysis.

V. EDUCATION RESEARCH METHODOLOGY

A. Study participants

The data used in this work were collected from students
in the Fall 2024 semester of the CURE, which was the first
time the course ran. During this semester, there were 127
students enrolled in the course. Demographic information

TABLE II. Demographics of students enrolled in PHYS 2150
in Fall 2024 based on precourse survey responses (N ¼ 125).
Percentages are calculated relative to the number of respondents.
Counts for declared major do not sum to 125 because students
were allowed to report multiple majors.

Category Number of students %

Time at CU
First year 6 4.8
Second year 75 60.0
Third year 30 24.0
Fourth or beyond 10 8.0
Other 4 3.2
Gender
Man 85 68.0
Woman 36 28.8
Nonbinary 3 2.4
Prefer not to answer 1 0.8
Declared major
Physics 53 42.4
Astrophysics 43 34.4
Math and applied math 26 20.8
Engineering physics 21 16.8
Engineering 11 8.8
Computer science 4 3.2
Astronomy 4 3.2
Other science 2 1.6
Geology and geophysics 1 0.8
Chemistry 1 0.8
Biology 1 0.8
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was not collected as part of the reports; instead, demo-
graphic data are reported for 125 students based on
precourse survey responses (Table II). Out of the students
enrolled in the course, 108 submitted a report (∼85%).
Prior to analysis, the reports were deidentified by remov-
ing any names, lab section information, or other identifi-
able details from the text of the document. Additionally,
the metadata fields in the description tab of the PDF files’
document properties were cleared to remove any remain-
ing identifying information.

B. Frameworks that informed analysis

Because CUREs are intended to provide authentic
research experiences, this work draws on prior work to
examine different dimensions of students’ experiences.
The five CURE components described above provide the
framework used to examine how students perceived and
characterized the intentionally designed features of the
course (RQ1). Prior work examining how students per-
ceive and experience authenticity with in CUREs provides
a separate framework for examining student interpretations
of their authentic research experiences (RQ2).
To distinguish CUREs from inquiry-based laboratory

courses, Goodwin et al. identified several coded elements
that contributed to students perceiving their research
experiences as “real” or authentic [88], including students
identifying as real scientists or researchers. These elements
included autonomy, failure, collaboration, iteration, sci-
entific practices, relevant discovery, and successful sci-
ence. Many of these elements overlap with established
CURE components, particularly collaboration, iteration,
scientific practices, and discovery. Building on these ideas,
Oliver et al. created a coding scheme associated with
perceptions of authenticity and applied it to student
reflections in the remote C-PhLARE CURE, including
direct authenticity, indirect authenticity, and failure [76].
The initial codebook for this work was informed by both
bodies of prior work while maintaining their distinct
analytic purposes: the CURE framework informed analy-
sis of students’ experiences with intentionally designed
course features for RQ1, while the authenticity framework
informed analysis of students perceptions of authentic
research for RQ2.

C. Data analysis

The reports were analyzed using a standard qualitative
thematic coding process [89]. Our initial codebook con-
sisted of a priori codes aligned with the five CURE
components, as well as elements of authentic research
as defined by Goodwin et al. [88] and adopted by Oliver
et al. [76]. There were two major changes to the codebook
in this work compared to the codebook used in Oliver et al.
First, we did not include their “indirect authenticity” code
because the subcodes it encompassed substantially over-
lapped with the CURE component of relevance. In Oliver

et al., indirect authenticity captured students’ perceptions
that their work contributed to broader scientific goals or
audiences. In this work, those themes were instead
categorized under relevance, which was coded as distinct
from authenticity. We did, however, adopt their “direct
authenticity” code under the revised name “explicit
authenticity.” Second, rather than adopting the standalone
“failure” code, we have included it as a subcode within
“ill-defined problems” to capture these direct references to
failure. We introduced an ill-defined problems code using
the definition from Schraw et al. [90]: problems that have
multiple and/or nonguaranteed solutions and lack a defined
procedure for reaching them. This captured how students
framed setbacks, uncertainty, and changing plans as part
of the broader process of authentic research. Within this
context, instances of experimental failure were understood
as one possible outcome of engaging with ill-defined
problems rather than as an isolated endpoint disconnected
from the broader research process. In subsequent passes
through the data, emergent subcodes were added under the
main codes as needed. Definitions and example quotes
for the main codes and subcodes used in this work are
provided in Supplemental Material [85].
Using eight reports, author R. L. M. and a researcher in

the larger research group not working on this project
conducted an initial round of interrater reliability (IRR)
coding using the codebook. Cohen’s kappa was calculated
to be 0.91, which is near perfect agreement [91]. After this
initial round, author R. L. M. and the other researcher
discussed and resolved the discrepancies. Because only
minimal changes were made to the codebook and the
prediscussion kappa was already acceptable (>0.8), the
IRR process was not repeated. Author R. L. M. then coded
the remaining reports. The unit of analysis in this study
was one sentence. Because students often expressed
multiple relevant ideas within a single sentence, individual
sentences could be assigned multiple subcodes. While
coding was conducted at the sentence level, results were
aggregated and reported at the student level. Percentages
reported for main codes represent the proportion of all 108
student reports assigned that code. Percentages reported
for subcodes are calculated relative to the subset of reports
coded under the corresponding main code. Because
responses could receive multiple subcodes within a main
code, subcode percentages do not necessarily sum to
100%. With the exception of “discovery” and “career
clarification,” responses were coded at both the main code
and subcode levels.

VI. RESULTS

The analysis examined how students characterized their
experiences with the core components of a CURE, as well
as how they perceived the course as reflecting authentic
research, engagement with ill-defined problems, and
reflections on future academic and professional goals.
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In designing the course, we intentionally incorporated
activities aligned with each component to ensure students
would engage with a full range of authentic research
practices. We present the frequency with which these
themes appeared across the reports (Fig. 5), as well as the
emergent subthemes associated with six of the codes
(Fig. 6). The implications of these findings are presented
in the Discussion section.

A. Student-identified engagement with CURE
components

To varying degrees, students discussed all five CURE
components in their reports.

1. Use of scientific practices

Students brought up using scientific practices in 87%
of the reports. Scientific practices are a broad category,
and all subcodes used in this work emerged from the
data. It should be noted that the practices identified
by students are specific to this course context, and a
different set of scientific practices may emerge in other
courses. Among the identified scientific practices, coding
(programming) was the most commonly mentioned (72%).
Students presented the use of coding in multiple ways.
Some presented it as a professional tool for scientific
work:

The most useful component of the class was the
opportunity to practice Python and data model-
ing skills. Numpy, scipy, pandas, hdf5, and any
other number of numerical analysis packages
that we could’ve employed on this project are
extremely useful tools for any aspiring scientists
and engineers to have a grasp of.

Others emphasized the relevance of coding in modern
research:

We also had the opportunity to sharpen our
Python skills while gathering data from reposi-
tories, which is crucial because modern research
heavily relies on coding and data analysis.

Even students who were not the primary “coder” in their
group still identified coding as important:

Learning Python during the course was benefi-
cial, even though I didn’t do most of the coding.
Understanding the basics of the programming
helped me better engage with the data analysis
process.

Students also shared that the course helped build their
confidence around coding. Some students discussed
being able to be creative with the code they produced.

FIG. 5. Frequency with which each major theme appeared across the reports, shown as the percentage of reports containing each code
with 95% confidence intervals.
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Others shared that they came into the course having no
experience, but left being able to effectively use code to
complete their analysis:

Personally coming into this class I had no
experience coding in Python or doing any sort
of data analysis using Python, but throughout the
semester I took the time to learn more about
Python and by the end of the semester I was the
primary contributor to all of the data analysis my
group completed.

Data analysis (52%) and data collection (44%) were the
next most commonly identified scientific practices. These
codes often appeared together, resulting in excerpts fre-
quently being double coded with both subcodes, as in the
following quote:

Much of the work done in class will be with data
collection, organization, and visualization. You
will learn how to represent data in readable ways
and how to interpret it.

How students described data analysis varied. Some
students explained different components of data analysis,
like the quote above, and other students just said they
“analyzed data.”
Time management and organization were mentioned in

35% of the reports. Some students focused more on the
time management aspect:

Finally, this class taught me the importance of
time management. Staying organized and keep-
ing a consistent schedule were very essential for
staying on track.

And other students focused on the organization of the
experimental details:

Keep detailed records of all the observations and
findings from your procedures. This makes the
process easier for everyone and ensures that the
research is based on solid principles. Do not
forget to label all the files correctly and pay
attention to every detail.

FIG. 6. Occurrence of subcodes within the reports. Percentages reported for subcodes are calculated relative to the subset of reports
coded under the corresponding main code, with 95% confidence intervals shown for student-reported engagement with the subcodes of
six main codes: ill-defined problems (yellow), explicit authenticity (red-orange), collaboration (green), iteration (sky blue), relevance
(orange), and scientific practices (blue). Discovery and career clarification do not contain subcodes and are therefore not included.
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Hands-on equipment use was mentioned in 34% of the
reports. Some students noted the value of working with
tools not typically available in instructional labs:

As we embarked on our experiments, we learned
to handle sophisticated equipment to analyze the
EQE and J-V data of solar cells. This hands-on
experience was our first exposure to real-world
research tools that aren’t typically available in
classroom settings.

Other students framed it in the context of a specific
research topic:

Something else I learned is that you want to make
sure you understand every piece of equipment
you are using, as there is a decent amount of
machinery and tools used in this that a normal
person not affiliated with this field would not
really understand.

Finally, 31% of students discussed the process around
their team-formulated research question. Some focused on
the process of generating a question:

Over the course of this semester, write down any
questions you may have which can be answered
with your data. One of these queries might
become your research question at the end of
the term.

While some students focused on the procedural aspects
of developing a research question, others connected this
scientific practice to broader ideas about scientific identity
and participation in authentic research.

As you progress through the class, you gain your
scientist wings and are sent to devise questions to
investigate using the data collected throughout
the semester.

Others highlighted how engaging in this scientific
practice positioned their group as participants in a broader
research effort:

Each group makes their research question which
they then head out to answer via using and
analyzing all the data collected by each group
in the class. The group gets to come up with their
own methodologies, own analysis, and own
conclusion, and gets to submit their research
to an active researcher in solar cell technology.

This response was also coded as board relevance to the
scientific community because the student framed their
work as contributing to ongoing research beyond the
classroom context.

2. Relevance

The relevance of the work done in the CURE was
mentioned in 79% of student reports. These reflections
clustered into two primary categories: broad relevance to
the scientific community (70%) and relevance to society
(41%). Some students focused on the scientific community
at the level of the science mentor and national lab:

Youwill beworkingwith actual scientificmaterial,
and creating knowledge that will be used as a
baseline for the scientists who are presenting you
with the prompt of your work in this course.

Others situated their work within the broader field of
physics:

The research project we are helping NREL with
is very important to the development of efficient
energy physics.

The second type of relevance students emphasized was
societal impact, especially in the context of climate change
and clean energy. Some focused primarily on environ-
mental impact:

Solar energy is abundant and renewable, and to
reach a point of it being efficiently harnessed
could have a very positive impact on current
energy issues today. Instead of relying on non-
renewable energy sources such as coal which
have large negative impacts on the environment,
a clean and renewable option could be solar
power.

Others emphasized the impact on people and
communities:

Our class, having helped their team, was involved
in something that has the potential to unlockmore
efficient and clean energy which could help the
planet and the civilians who live here!

A few students highlighted the global scale of the work:

I think it’s important at the outset of the class to
really appreciate the importance of what we’re
doing; we’re contributing to a global cause.

Some students described both scientific and societal
relevance, and those excerpts were double-coded. For
example, the following quote emphasizes both the devel-
opment of new solar technologies and their potential
environmental impact:

Approach this work with seriousness, as
your contributions in this class are aimed at
developing a new class of solar cells that could
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significantly aid the green energy transition and
positively impact the environment. This research
is not only legitimate but could also have lasting
implications for your future.

3. Discovery

Discovery was discussed in 35% of the reports. The
majority of student-perceived discovery focused on how
the specific parameters explored in the experiment would
lead to the improvement of long-term stability of the PV
devices.

By identifying which factors impact the degra-
dation of the cell the most, we can determine
which parts of the cell we need to improve in
development, allowing us to build a much more
resilient cell.

Some students took this idea a step further by discussing
how discoveries related to device stability could contri-
bute to improving the technology and, ultimately, support
its commercialization, which connected discovery to
relevance:

[We], and the researchers at NREL are trying to
figure out the degradation over different wave-
lengths and temperature. Which, in a way, will
allow us to be one step closer to be able to use
perovskite cells for homes in the future, espe-
cially long term.

4. Iteration

Only 21% of the reports mention iteration. One student
gave a very general description of iteration in the course:

We had a few hiccups in the experiment design
and process this semester that required a few
iterative fixes.

Among the responses coded for iteration, the most
common framing was repetition (57%).

While a lot of the data collection was repetitive, it
did highlight the importance of repeating data
taking, especially when looking for effects over
time, which is an important takeaway from this
course.

Another student framed repetition in the context of
being mindful of any issues that may arise and need to be
corrected:

I learned to be patient. Research is not instanta-
neous gratification. Taking data isn’t quick and
you have to be consistent week after week, even
when you do streamline the data taking process,

to be careful the data you are collecting is good.
If you realize you did something wrong…don’t
brush it under the rug otherwise you won’t be
able to conduct proper analysis of the results and
there won’t be any real progress.

Other students described iteration in terms of revision
(43%), typically in the context of a manufacturing defect
with the first batch of cells that required iteration on
stressing parameters, particularly temperature.

For example, a lot of our cells died in the first few
weeks and class and we needed to change our
stressor conditions across the board due to the
discovered weakness in the batch of cells we
utilized.

Finally, some students discussed iteration that they did
not directly participate in, but that was done at NLR:

One day, all of the pixels on our PV cell died, and
the research approach had to be adjusted by
coating the pixels with a protective layer.

5. Collaboration

Collaboration was by far the most discussed component
in the reports, appearing in 106 of the 108 submitted
assignments (98%). Students often emphasized collabo-
ration as a fundamental part of doing science, challenging
the notion of the “lone genius” and highlighting the value
of teamwork in research. For example, one student wrote:

Don’t be caught in the misconception that re-
search is a solo effort. It takes a whole team to
tackle real experimental physics research.

Students also reflected on how diverse perspectives and
skill sets contribute meaningfully to scientific progress:

I have learned that research not only lies in the
skill of each individual, but the collaboration
between individuals as a group. Working as a
group made me understand my group members’
different perspectives on the research, and that
has taught me a skill—that one solution is often a
mix of different perspectives, and this is a core
quality of collaboration that is the most important
one to master.

Several students noted that, prior to this course, they had
few opportunities to engage in genuine collaboration. They
described this CURE as a valuable experience for building
practical teamwork skills:

So far in undergrad physics it is pretty likely that
you haven’t had much experience working with a
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team on a group project, so lessons learned in this
class like how to communicate with team mem-
bers, how to delegate work fairly and efficiently,
and how to complete a team project before a
deadline will all be very valuable. These are
things that will come up again and again through-
out your education and career so they are
important things to learn.

Approximately half of the students (49%) brought up
communication as a key part of collaboration. Some
students brought it up in the context of communicating
in order to keep the group cohesive and on track:

Another key skill is communication. When every
group member is on the same page, everything
runs smoothly. Communication is key to making
sure everyone knows what is going on and what
their role is.

Others focused on communication as essential for
promoting fairness and accountability within the team:

You also will be doing work entirely with group
mates, so you need to be comfortable with
communicating with them. This includes being
able to resolve conflict with each other, divide up
the work between each other evenly and hold
them accountable for completing it, making sure
everyone’s opinion and analysis is valued and
recorded, and treating each member of your
team/section with respect.

Conflict was a recurring theme in student reflections on
communication. Some students saw communication as a
tool for resolving inevitable disagreements, while others
described it as a way to prevent conflict by establishing
shared understanding:

Learning how to talk to individuals with different
perspectives or styles of communication is im-
portant so conflict doesn’t occur. Conflicts are
destined to occur if consideration of one’s words
is not taken into account.

A few students also highlighted communication as a
form of self-advocacy, necessary to ensure their contribu-
tions were recognized and their needs addressed:

In the overall class a student will be successful if
they advocate for themselves. If you do not
contribute to the project, you will not know what
is going on. If you do not speak up about you
being left behind by your group, they will
continue; therefore, speak up and make your
opinions heard. Everyone has good ideas that
should be contributed to the project.

Students also identified their collaborators in the
reports. Unsurprisingly, the most frequently mentioned
collaborators were their teammates (76%). Some students
acknowledged that they do not typically enjoy group work,
but noted that a well-organized team dynamic helped
create a more positive experience:

I don’t enjoy working in groups, but our team
was well-organized, and the way we worked
together felt professional, kind of like a job.

Others described forming friendships with their team-
mates, which they felt made it easier to divide tasks and
address challenges when they arose:

I also encourage anyone coming into this class to
get to know their lab partnerswell. I had a fine time
withmine andmade somenew friends. Therewas a
lot to do together and we had to be comfortable
with one another to spread the work evenly or call
out someone for not doing their work.

Because students did not choose their teammates, some
reflected on this as a realistic aspect of scientific research.
They advised incoming participants to see it as a valuable
opportunity:

Research is very collaborative, and often you
aren’t working with people you already know.
Working with a variety of people offers new
ideas and perspectives.

The science mentor and the national lab were the next
most frequently mentioned collaborators (55%). Many
students emphasized that the course involved genuine
collaboration with professionals in the field:

These experiments were conducted in collabo-
ration with the National Renewable Energy
Laboratory (NREL), a leading institution work-
ing to improve the performance, durability, and
scalability of Perovskite solar cell technology.

For some students, interacting with the science mentor
was one of the most meaningful aspects of the course:

Eventually, you hear Dr. Berry’s thoughts on
your hard work. The best part is he acknow-
ledges how his team plans to expand on your
discoveries.

Students also recognized that this collaboration was not
one-sided, that the work they completed contributed
meaningfully to the national lab’s ongoing research:

We helped provide useful information to our
collaborators at NREL, and you will too!
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As with their team-based collaboration, students saw
value in working with external researchers because it
brought new perspectives and reshaped their understand-
ing of the scientific process, recognizing that even unex-
pected outcomes can yield valuable information:

An unexpected error occurred with the solar cells
we were provided where overexposure to certain
wavelengths destroyed them. However, the col-
laboration with researchers with NREL made us
realize that this was still vital data that could be
used by future researchers.

Other students in the course were mentioned by 11% of
participants, generally in the context of shared respon-
sibility. Students acknowledged that their actions could
affect not just their own group, but the broader research
effort:

If someone takes a week of bad data, then that is
one less week of data, not only you, but also
other researchers (such as classmates or NREL
researchers), have to work with.

TAs and the instructor were mentioned by students in
the reports, though generally not in the same collaborative
context as teammates, the science mentor, or the national
lab. TAs appeared in 25% of the reports, typically as
sources of assistance and guidance. The instructor was
referenced in just 10% of the reports, most often alongside
the TAs and in relation to coursework support rather than
active research collaboration.
Finally, 48% of students discussed how roles were

divided within their groups. Two recommendations
emerged: giving everyone an equal opportunity to engage
with all aspects of the project and dividing responsibilities
based on individual preferences and strengths.
Students who favored the equal-opportunity approach

(20%) often framed it as a way for all group members to
learn and contribute equally:

I know a lot of groups split up the work so each
person had the same task each week. My group
rotated the tasks so everyone was exposed to all
aspects of the course. I would recommend doing
it this way so it doesn’t get stagnant and you
learn as much as possible.

Others highlighted how alternating roles helped ensure
that no one felt excluded from key parts of the process:

It can also be helpful to rotate roles each week so
that everyone gets a chance to set up, follow
instructions, and operate the computer. This way,
you build a well-rounded understanding of the
process and avoid feeling left out at any point.

Students also noted the practical importance of being
familiar with multiple roles in case a teammate was absent:

I would also recommend being involved in
multiple parts of the research project. You should
be able to take data, code, and analyze the data
you get. This is particularly important if one or
multiple of your group members is absent.

Students who recommended determining roles based on
strengths and interests (28%) emphasized that doing so
helped the group work more efficiently:

By dividing responsibility based on individual
strengths and interests, the team can effectively
tackle different different aspects of the [work].

Some encouraged new students to reflect on their
abilities early in the course, so that they could take on
tasks where they felt confident, which would, in turn,
contribute to both individual and group success:

A lesson I learned is that you need to recognize
your strengths and weaknesses and how those
may impact the group. You might be better at
coding than at running the experiment itself, and
that is okay. You should communicate this to
your group members and collectively determine
what roles everybody would succeed in because
this will help you succeed as a group.

While most students described positive collaborative
experiences, a small number also discussed challenges
related to uneven participation within assigned groups.
The most common issue involved team members who
failed to attend lab consistently or contribute to
group work:

On the other hand I know some groups that had
team members consistently not show up, and
that made the overall experience unenjoyable
and frustrating for the other members that did
show up.

Another student reflected on the importance of balanc-
ing empathy for teammates with accountability within
collaborative research settings:

In that sameway, you should be comfortable with
helping out your teammates and being under-
standing of things that come up in their lives.
Despite that, don’t take advantage of people’s
kindness and don’t let your teammates take
advantage of you either. We had a bit of a
situation where a teammate basically never
showed up to class and never contributed to
assignments.
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Although these negative experiences were relatively
uncommon, they highlight the importance of communi-
cation, accountability, and equitable participation in col-
laborative research environments.

B. Student-identified engagement with other aspects
of authentic research

In addition to the five components of CUREs, students
also discussed their perceptions of the authenticity of the
research, their experiences navigating ill-defined problems,
and the impact the course had on their future career plans or
professional goals. These themes were examined because
prior work has shown that authentic research experiences
can shape students’ scientific identities, engagement
with research, and career trajectories [19,31,45,47–55].
Understanding how students interpreted these experiences
provides additional insight into the ways experimental
physics CUREs support student development.

1. Explicit authenticity

Students shared feelings of authenticity in 70% of the
reports. Three distinct dimensions of authenticity emerged:
participation in real research or science (67%), engage-
ment with real scientific processes or practices (53%), and
identification as real scientists or researchers (18%).
Explicit authenticity codes were assigned when students
explicitly framed their experiences as real science, real
research, or real scientific participation, rather than simply
describing engagement in scientific practices. As a result,
excerpts discussing activities such as data collection or
collaboration were often double-coded when students also
emphasized the authenticity or real-world nature of those
experiences.
The most commonly identified form of explicit authen-

ticity was students believing they had participated in real
research:

This is real research, you will be collecting data
that will be used in a real scientific study.

Students frequently contextualized this sense of “real-
ness” by emphasizing the impact and relevance of their
contributions:

The research done in this class has a real impact!
It is sent to the people working at NREL and has
an actual impact on how they produce their cells.

For many, explicit authenticity was also tied to experi-
encing the iterative and unpredictable nature of experi-
mental work:

During my time doing this research, I learned a
lot about what a real physics experiment looks

like, including all the failures and unexpected
outcomes that come with real research.

About half of the students described real interactions
with the scientific process. This theme followed two main
threads. First, students appreciated working with authentic
research equipment and following procedures that mir-
rored real-world experimental practices:

It is a great educational experience to work with
all of the machines available to us in the lab and
see what it is like conducting actual physics
research, especially in a learning environment.

Second, students viewed collaboration as explicitly
authentic to research:

This class helped me emulate a real research
setting by working with colleagues and peers to
reach an overall goal.

A smaller group of students described identifying as real
scientists, researchers, or physicists. Some identified their
role as both a student and a researcher:

I was a student, as well as a researcher, in this
class when it was first redesigned.

Other students viewed their role as a researcher as new.
A majority of students in the CURE have not participated
in traditional research experiences prior to their enrollment
in the course, so this is understandable:

As a new researcher, I found much of the process
to be new, but it was a challenge that I welcomed.

Several students described the course as positively
impacting their emerging identities as scientists:

As a new physicist, being able to contribute to the
scientific community in such a direct and tan-
gible way was very inspiring.

A few students also reflected on the broader implica-
tions of participation, positioning themselves within a
larger community of researchers:

As a student in Physics 2150 you are not just an
undergraduate in the CU Physics department,
you are a member of an international research
effort; your responsibility is no longer just to
yourself, but rather to the scientific community
as a whole.

2. Ill-defined problems

In the instructor interviews conducted in the fall of
2023, some instructors expressed concern that students
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would not have the “academic maturity” to positively
engage with the inherent messiness of experimental
research [77]. However, we found that nearly half of
students (49%) discussed their experiences with ill-defined
problems and how they responded to them.
In 30% of the reports, students shared that difficulties

are an expected part of doing research and that this is a
normal, and even valuable, aspect of the process:

Finally, know that not everything will go to plan.
We learned this when half way through the
semester nearly all of our solar cells ended up
degrading much more than expected, causing
them to die entirely. This meant we couldn’t take
any more data on them, throwing a big wrench in
the middle of the research. However, this was a
valuable lesson in real experimental physics
research. In real research, not everything will
always go to plan—and that’s ok.

Some students emphasized that these challenges are not
just expected but can help formulate new research ques-
tions and directions:

There is not necessarily a set schedule or lesson
plan, as much as we can try to implement one,
sometimes things go wrong and plans must
change. Although, as someone who plans out
every hour of every day, this can be frustrating, I
appreciated getting a real glimpse into what
research entails, realistically. Research is not a
linear process and many times you will end the
semester with more questions than you had when
you came in. But this is okay and this is a
fundamental part of learning new things!

Others were more direct in their messaging regarding
this theme:

Take your mistakes and learn from them, know-
ing that you will make more and you will learn
from those as well!

In 37% of the reports, students gave advice on how to
respond to unexpected outcomes. The most common
recommendation was perseverance. Students shared both
specific examples and broader encouragement to not let
setbacks derail the research process:

One important lesson that I learned during the
data collection process was how to deal with
unexpected results. Early on in the process our
cell, which was intended to last the whole
semester, completely died which caused some
concern. However, it turned out that this was a
common problem that many groups were facing

and it was most likely due to something un-
expected in the manufacturing process. We were
quickly given a new cell and continued on with
our data collection. It is important to not let
minor setbacks like this get in the way of the
broader research process.

Students acknowledged that these moments can be
discouraging, but encouraged future participants to persist:

Firstly, you are bound to fail during your research
experience (whether it is your fault or not is not
important; what is important is that it is bound to
happen) and this is going to make you want to
quit, to which I say try your best. All you can do
after a failure is to pick yourself up, dust yourself
off and continue onwards.

Others discussed reframing their understanding of fail-
ure in science altogether:

The most valuable lesson I learned from this
project is that there is no such thing as failing in
research. My cell died in the experiment and I
was sad but my group and I moved on to a new
cell and continued the experiment. It’s hard to
realize in science that there is no failing, but it
just didn’t work for that set of boundaries placed
for that object. It’s important to continue and not
get discouraged by the results.

Another commonly recommended response was to ask
questions of teammates, TAs, or the instructor:

Don’t be afraid to ask questions. Nobody expects
you to know everything, and you’ll learn a lot
just by speaking up.

Failure was explicitly mentioned in 32% of the reports.
However, all instances were also double coded under
“response to difficulties,” reinforcing our interpretation
that students did not view failure as an endpoint. Instead,
students tended to frame failure in terms of how they
responded to setbacks, including adapting plans, seeking
support, and continuing the research process:

Continuing onwards, failure is bound to happen
in life (especially in research), so learning how to
fail and how to bounce back from failure is
something that I am very grateful I learned in this
course

This coding overlap may suggest that students did not
typically conceptualize failure as separate from the prac-
tice of doing research. Rather, failure was often framed as
something to be navigated through persistence, trouble-
shooting, and collaboration.

MERRITT and LEWANDOWSKI PHYS. REV. PHYS. EDUC. RES. 22, 020154 (2026)

020154-20



3. Reflections on future academic and professional goals

Reflections on future academic and professional goals
appeared in 22% of the reports. Students who discussed this
theme reflected on how participation in the course informed
their future academic and professional pathways. These
responses capture students’ immediate reflections at the
conclusion of the course rather than long-term career
outcomes.
Some students focused on how the course prepared them

for future academic goals:

This research contributed to my future goals of
grad school and working in a lab by giving me
research experience (which will be a large part of
my future) and teaching me about the research
process.

Others emphasized the course helped to prepare them
for employment opportunities:

The most valuable takeaway from the class was
just getting the opportunity to engage in actual
physics research, so now I have that experience
that I can take with me when trying to get an
internship or job.

For some students, the course may not have pushed them
in a particular direction, but provided an experience that will
help them make more informed choices in the future:

I don’t believe that I have more desire to find an
occupation in an experimental job, but I am far
more interested in the field as a whole, so it’s
definitely still a consideration.

VII. DISCUSSION

In this section, we provide an interpretation of the
qualitative findings and consider their implications for the
design of experimental physics CUREs. The instructional
suggestions discussed throughout this section represent
implications arising from the present findings rather than
interventions whose effectiveness was evaluated in this
study. Examining their impact will require future investiga-
tion.We first discuss how students perceived the core CURE
components integrated into the course (RQ1), followed by
how students described their authentic research experiences,
including authenticity, engagement with ill-defined prob-
lems (RQ2), and their reflections on future academic and
professional goals (RQ3).

A. RQ1: Student perceptions of the designed CURE
components

1. Use of scientific practices

On the whole, the course successfully engaged students
with scientific practices. The student reflections showed

strong engagement with several course learning goals,
particularly coding and data analysis and research question
development. It was also encouraging to see a third of the
students identify the importance of time management and
organization. Prior work in STEM and physics education
has emphasized the importance of professional skills such
as documentation, organization, and time management for
both research and workforce preparation [92–94]. Given
the amount of time students spent using the J-V and EQE
apparatus throughout the course, it was interesting that
equipment use was not discussed more often. Students
worked directly with the apparatus for half of the semester
and had one full lecture dedicated to the EQE apparatus.
Future iterations of the course may benefit from additional
opportunities for students to reflect on the role of instru-
mentation in the research process.

2. Relevance

With nearly 80% of students discussing the relevance of
the project in their reports, this component appears to be
well-integrated into the course experience. This marks a
notable shift from the pretransformation version of the
course, in which 65% of students reported feeling that
the work they were doing lacked relevance beyond the
classroom [95].
This suggests the instructor was successful in framing

the “why” of the research from the outset of the course.
In-person lab meetings with the science mentor further
reinforced this framing, helping to solidify students’
understanding of the project’s significance. In the case
of this CURE, the topic of solar energy provided a clear
bridge between classroom research and real-world impact.
An equally important aspect of relevance, however, was
that students’ data contributed to an ongoing research
collaboration with the NLR. Knowing that their results
would be used by an external research partner reinforced
that the results of their work extended beyond the class-
room. However, this may not generalize across all possible
research topics. For courses focused on less obviously
applied research topics, it may be important to build in
more explicit reminders or activities that contextualize the
relevance of the research topic, while also clearly com-
municating how students’ work contributes to ongoing
efforts outside the classroom.

3. Discovery

A third of students mentioned discovery in their reports.
This does not indicate that students did not experience
discovery in the course, but rather that discovery was less
salient than some of the other CURE components in this
particular reflection artifact. The framing of the assignment,
which did not explicitly prompt students to reflect on
novelty or knowledge generation. Corwin et al. found
that discovery was not significantly or positively related
to students’ emotional ownership of their work [49],
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suggesting that discovery, while important, is not always the
most personally meaningful component of a CURE. In the
context of these reports, written as letters to future partic-
ipants and intended to offer encouragement and advice,
discovery was not a primary focus. Instead, students more
often emphasized the relevance of the project. Future
iterations of the course may benefit from more explicitly
highlighting students’ role in generating new scientific
knowledge and providing opportunities for students to
reflect on how their work contributes to discovery. To
better understand how students engage with the discovery
component, future work should examine additional course
artifacts to determinewhether discovery is less prominent in
the overall course experience or simply not emphasized in
this particular assignment.

4. Iteration

Iteration was discussed less frequently than other CURE
components in the reports, despite the course intentionally
incorporating two key opportunities for iteration. The first
involved the template code provided to students in weekly
Colab notebooks. Each week’s analysis built upon skills
developed in previous weeks, and by the final third of the
semester, students adapted and extended this code as the
foundation for their team-designed analysis. The second area
of iteration occurred during the development of students’
team-formulated research questions. Students submitted a
written proposal, received detailed feedback, and revised
their work accordingly. These built-in structures provided
students opportunities to develop and revise research com-
ponents. However, students may not have recognized these
activities as forms of iteration. Alternatively, while students
experienced iteration throughout the course, they may not
have viewed it as one of the most memorable or important
aspects of the research experience to communicate to future
students. As with the discovery component, iteration was
discussed less frequently within this particular assignment
than other aspects of students’ experiences, such as navigat-
ing ill-defined problems. To better understand how students
perceive and engage with iteration, we plan to examine
additional course artifacts in future analyses. We also
recommend integrating more opportunities for peer feed-
back, which may make iteration more visible and mean-
ingful. This could be done formally through peer review of
proposals or other documents, or more informally by
structuring time in lab sessions to include short presentations
and feedback exchanges between teams.

5. Collaboration

With nearly every student mentioning collaboration in
their reports, the collaboration component was effectively
integrated into the course, which was associated with one
of the main learning goals of the course. Students were
assigned to teams rather than selecting their own. While
instructors may be concerned that assigned teams could

lead to negative student experiences, this was not broadly
observed in this course. Within the context of the reports,
even students describing frustrating collaborative experi-
ences often framed them as opportunities to reflect on what
makes an effective scientific collaborator.
While it was expected that students would identify their

teammates as collaborators, it was encouraging to see that
more than half of the students also recognized the science
mentor and national lab as active collaborators. It was less
encouraging to note that other classmates were infre-
quently described in this way. Students tended to view
TAs and the instructor primarily as course support or
authority figures rather than as fellow researchers. As the
pool of TAs who have facilitated the CURE continues to
grow, we plan to conduct a set of interviews to explore
whether TAs also perceive their roles as distinct from that
of collaborators, and to identify practices that might help
shift the TA role from facilitator to co-researcher. Given
the size of the course (75–150 students per semester)
and the number of lab sections per semester (6–14),
integrating the instructor into a more collaborative role
is particularly challenging. This may be less of a limitation
in smaller courses. However, it may also reflect an
unavoidable dynamic. The instructor and TAs’ role in
assigning grades may inherently prevent students from
viewing them as collaborators in the same way as the other
groups mentioned.

B. RQ2: Student interpretations of authentic
research experiences

1. Explicit authenticity

A majority of students acknowledged explicit authen-
ticity of the research conducted in the course. Their
views on the relevance of their work appeared to shape
their perception of its authenticity. Even students who
approached the experience through a course-based lens,
rather than a research-focused one, still described partici-
pating in authentic scientific processes and practices.
However, a much smaller portion of students identified
themselves as authentic researchers or scientists. This may
be related to the structure of the course. While students
generated real data, their results are sent to external
collaborators at the national lab, who will synthesize the
findings. As a result, students may have felt they contrib-
uted to real research, but not that they filled the role of a
researcher or scientist. In future semesters, it may be
helpful to more explicitly emphasize that real researchers
play a variety of roles in the scientific process and that all
of those roles are valuable. Reinforcing this message
throughout the course could support students in seeing
themselves as part of the broader research community.
Additionally, creating opportunities for students to share
the outcomes of their work, such as through an end-of-
semester departmental poster symposium, could further
support the development of their identity as real scientists.

MERRITT and LEWANDOWSKI PHYS. REV. PHYS. EDUC. RES. 22, 020154 (2026)

020154-22



2. Ill-defined problems

With half of the students discussing ill-defined problems
in their reports, we propose that students may be more
capable of engaging productively with ambiguity than
some instructors expect. Students described experiencing
device failure, changing plans, and unexpected complica-
tions, while also recognizing these challenges as a normal
part of the research process. Although students acknowl-
edged that these moments could be difficult and frustrat-
ing, they frequently emphasized the importance of
perseverance, adapting plans, and seeking help as part
of navigating ill-defined problems in science. Students
also highlighted the importance of relying on teammates
and asking questions of the TAs and instructor when
responding to these situations.
These findings suggest that explicitly normalizing set-

backs and uncertainty early in the course may help
students engage more productively with ill-defined prob-
lems. Prior work has shown that students’ responses to
setbacks and uncertainty in undergraduate research envi-
ronments are shaped by both instructional context
and students’ perceptions of challenges and failures
[57,96–98]. Supportive instructional environments can
promote more challenge-engaging responses to ill-defined
problems, helping students interpret setbacks as a normal
component of authentic scientific work rather than as
evidence of inability or failure. During this course, the
instructor intentionally framed setbacks as a normal part of
research from the very first class meeting. Additionally,
when the course experienced significant device failure
after the first week of stressing, the instructor immediately
addressed the issue and provided students with updates as
the situation was being remedied. The TAs also played an
important role in shaping the tone of the lab environment
through their responses to unexpected issues during lab
sessions. In future semesters, it will be important to
continue establishing strong instructional and social sup-
ports to help students navigate the ambiguity inherent in
authentic research experiences.

C. RQ3: Reflections on future academic and
professional goals

Although reflections on future academic and profes-
sional goals were not a major theme in the reports, students
who discussed them described the course as helping
them consider both academic and industry pathways
and reflect on future decisions. These findings capture
students’ immediate reflections at the conclusion of the
course rather than long-term career outcomes or retention.
Given that most students were in their second year of
study, these relatively infrequent reflections may reflect
students’ early stage of career exploration rather than a
lack of impact. Currently, the course includes only a brief
discussion of traditional undergraduate research opportu-
nities during meetings with the science mentor and no

dedicated career exploration activities. These findings
suggest that intentionally incorporating discussions of
career pathways or professional development into the
course may help more students connect their research
experiences to future academic and professional goals.

VIII. SUMMARY AND FUTURE WORK

Analysis of the Report to Future Researchers reflec-
tions suggests that students experienced the CURE in
ways that closely aligned with its intentional design,
while also revealing differences in which aspects of the
research experience were most salient to students. With
respect to RQ1, students described experiences associated
with all five core CURE components integrated into the
course, with collaboration, relevance, and scientific prac-
tices appearing most prominently in their reflections.
Discovery and iteration were discussed less frequently.
These differences do not indicate whether the students
experienced or learned individual components to different
degrees. Rather, they identify which aspects of the research
experience students most often chose to emphasize when
communicating their experience to future participants.
Together, these findings show alignment between the
intentional design of the course and how students
described their experiences. Students described experien-
ces associated with all five CURE components without
being explicitly prompted about the individual compo-
nents, while differences in their relative salience highlight
areas that may benefit from additional instructional
emphasis or opportunities for reflection.
With respect to RQ2, students’ descriptions of authentic

research extended beyond participation in particular sci-
entific practices. Students associated authenticity with
making meaningful scientific contributions, engaging with
multiple scientific practices, and navigating the uncer-
tainty and setbacks inherent in authentic research. At the
same time, although many students characterized the work
as authentic, fewer explicitly identified themselves as
researchers or scientists. This distinction suggests that
participating in and recognizing authentic scientific work
does not necessarily translate immediately into seeing
oneself as a member of the scientific community, high-
lighting a potential role for instructional structures that
make students’ contributions and positions within the
broader research endeavor more visible.
RQ3 provided an additional finding beyond those

captured by the CURE and authenticity frameworks.
Some students described the course as informing their
immediate thinking about future academic and profes-
sional pathways. These reflections do not establish longer-
term effects on retention or career decisions, but they
demonstrate that, for some students, participation in the
CURE was connected to their immediate thinking about
what they might pursue next. This finding suggests an
opportunity to investigate more directly how early research
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experiences interact with students’ developing academic
and professional goals.
Overall, these findings illustrate how students experi-

enced multiple dimensions of authentic research within an
experimental physics CURE. The five CURE components
examined through RQ1 capture student recognition and
characterization of intentionally designed features of the
course, while RQ2 examines how students interpreted
authenticity and engagement with ill-defined problems

during their research experience. RQ3 captures how some
students connected their experience to their immediate
thinking about future pathways. Table III summarizes
these findings across the three research questions and
identifies the corresponding considerations for designing
an experimental physics CURE.
While the dimensions of students’ experiences exam-

ined across all three research questions were analyzed
separately, student reflections frequently demonstrated

TABLE III. Summary of the principal findings across the three research questions and corresponding design considerations for
experimental physics CUREs.

Component Primary finding Implications for course design

RQ1: CURE components (Auchincloss et al. [19])

Scientific practices Students frequently recognized coding,
data analysis, and research question
development as central components of
scientific practice.

Students may benefit from explicit
opportunities to reflect on the role of
experimental instrumentation as part of
scientific practice.

Relevance Students consistently recognized the
scientific and societal relevance of the
project.

Early framing and interactions with external
science mentors may help students connect
course activities to broader scientific and
societal impacts.

Discovery Students discussed discovery less
frequently than other CURE
components in the reports.

Students may benefit from explicit
opportunities to reflect on their role in
generating new scientific knowledge.

Iteration Students discussed iteration less
frequently than other CURE
components despite multiple
intentionally designed opportunities
for iteration.

Structured opportunities for revision and peer
feedback may help make iteration more
visible to students.

Collaboration Students viewed teammates and the
external science mentor as
collaborators, but viewed TAs and
instructors primarily as facilitators or
authority figures.

Students may benefit from instructional
structures that emphasize the collaborative
roles of mentors, TAs, and other members of
the research community.

RQ2: Authentic research experiences (Goodwin et al. [88]; Oliver et al. [76])

Explicit authenticity Students described authentic research as
contributing to meaningful scientific
work and engaging in authentic
scientific practices, but fewer
identified themselves as researchers or
scientists.

Helping students recognize that meaningful
scientific contributions occur through many
roles within a research team may strengthen
students’ identification as researchers.

Ill-defined problems Students viewed setbacks as a normal
part of research and emphasized
perseverance, adaptation, and seeking
support when navigating uncertainty.

Explicitly normalizing uncertainty early in the
course may help students engage
productively with ambiguity.

RQ3: Academic and professional goals

Reflections on future academic
and professional goals

Some students reflected on how the
course informed their immediate
academic and professional thinking.

Providing opportunities for career exploration
and professional reflection may help students
connect research experiences to future
academic and professional pathways.
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overlap among them. These findings suggest that students
may experience different dimensions of a CURE not as
isolated constructs, but as interconnected aspects of partici-
pation in authentic scientific work. This interpretation is
consistent with sociocultural perspectives of learning, which
emphasize that learning and identity development are shaped
through engagement with disciplinary practices and partici-
pation in scientific communities.
These findings also provide insight into the develop-

ment and initial implementation of the course itself. This
work demonstrates one approach to integrating student
participation in an ongoing external research collaboration
and the defining features of a CURE into an in-person
experimental physics lab course. The initial implementa-
tion shows that students recognized many of the inten-
tionally designed course themes in their own research
experience and engaged with authentic elements of sci-
entific work, including collaboration, the broader rel-
evance of their work, and the uncertainty associated
with authentic research. At the same time, differences in
what the students emphasized reveal areas where inten-
tional course design alone may not make particular aspects
of the research process equally visible or meaningful to
students. Documenting both the course model and stu-
dents’ experiences within it provides connected informa-
tion for instructors considering how authentic research
experiences might be implemented and supported in
experimental physics lab courses.
In addition to informing broader considerations for

experimental physics CURE design, the findings from
this first implementation suggest several opportunities
to further refine this course. As we prepare for future
iterations, we are considering the following areas for
improvement:
• Increasing opportunities for students to reflect on the
role of instrumentation in the research process

• Highlighting the role students play not only in
collecting data, but in generating new knowledge
to address a novel scientific question

• Revising assignments and in-lab activities to encour-
age cross-team engagement and create opportunities
for peer review

• Strengthening the role of the TA as a fellow re-
searcher and scientific collaborator

• Exploring ways to integrate more career exploration
and professional development into the course

Future work will examine students’ experiences with
individual CURE components and other elements of
authentic research drawing on additional course artifacts,
such as weekly reflections and survey responses. Unlike
the reports, which offer a broad overview of the student
experience, these additional artifacts are more narrowly
focused on specific components and aspects of authentic
research. Analyzing these sources will provide additional
perspective on students’ experiences and may help dis-
tinguish aspects of the course that were less salient in the
reports from those that warrant further attention in future
course design.
On a large scale, this work contributes to a growing

body of evidence-based practices for designing and
implementing CUREs in physics by examining both the
development and initial implementation of an in-person
experimental physics CURE and students’ experiences
within it. As physics departments seek to expand research
opportunities for undergraduates, particularly in the early
stages of their academic careers, it will be important to
provide resources to support the creation of scalable,
sustainable CUREs that promote meaningful engagement
with the scientific process.
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