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I. INTRODUCTION

The famous "Moore's Law" was proposed in the 1960s as the integrated circuit industry expanded quickly[1]. Although
"Moore's Law" is essentially an empirical relationship in manufacturing instead of a natural rule, its correctness has been proven for
decades, and the semiconductor sector regularly uses the law to guide research and development goals. The integrated circuit's capacity
to support transistors will continue to grow following "Moore's law" [2], [3]. While driving computational power, the exponential
growth in transistor density simultaneously intensifies the thermal design power per unit area, posing a challenge to conventional
cooling methods.

Heat dissipation presents a significant challenge in the current digital revolution, as electronic products, particularly
smartphones, tablet computers, and data centres, increasingly evolve towards higher performance, greater integration, and
miniaturisation [4], [5]. This escalation in heat flux demands innovative solutions beyond traditional thermal management, propelling
the industry towards advanced three-dimensional packaging and novel material science applications [6]. The stringent cooling
requirements for high-integration power electronics systems necessitate significant energy consumption and have recently raised
concerns regarding carbon footprints [7]. Notice that almost 40% of energy consumption for the current data centres [8] was used in
their cooling infrastructure, which consumes almost 12% of total electricity [9].

The continuous improvement in integrated circuit manufacturing processes has led to increased heat generation, necessitating
the development of efficient thermal management technologies to enhance performance and reliability [10]. This growing thermal
burden necessitates a paradigm shift from traditional cooling to advanced thermal management solutions, leveraging innovative
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materials and architectural designs to effectively dissipate the concentrated heat loads [11]. Passive cooling techniques, like natural
convection, heat pipes, vapour chambers, and phase-changing materials, are being increasingly explored to address the thermal
challenges posed by compact electronic devices [12].

The use of phase change material and heat pipes offers high effective thermal conductivity [13] and is particularly attractive
due to their lack of active power consumption and mechanical complexity, which enhances system reliability and reduces operational
expenses. Heat pipes' capacity to passively transmit heat from the evaporating end to the condensing end by using the latent heat of the
working fluid has drawn constant focus as a highly effective and reliable two-phase heat transfer technique. [14], [15]. This property
makes them suitable for applications where minimal noise, vibration, and maintenance are critical design considerations [16]. Figure 1
shows the active and passive cooling technique for electronic cooling applications.
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Figure 1: Different techniques for electronic cooling.
Source: [5].

The flat-plate heat pipe, the thermal ground plane, and the heat spreader are synonyms for the vapour chamber, which is two-
dimensional and spreads heat from smaller heater areas to larger sink areas across small temperature differences [17]. The fundamental
difference between a heat pipe and a vapour chamber is that the former acts as a heat transporter, and the latter serves the purpose of
spreading the heat [18]. As shown in Figure 2, vapour chambers (VC), or flat heat pipes, are sealed containers made from materials
such as aluminium or copper. The bottom surface is called an evaporator, which is placed on the heat source/chip to be cooled. The top
surface is known as a condenser, wherein heat is dissipated to the atmosphere via a cooling medium like air or water. The evaporator
and condenser surfaces are internally covered with a thin layer of wick of different types, such as grooves, screen mesh, or sintered
powder layer. Non-condensable gases are removed using a vacuum pump, which is then charged with working fluid. The working fluid
evaporates due to heat from the source. Vapours travel to the condenser side due to the difference in vapour pressure, and they lose
latent condensation heat on the condenser surface. The condensate is transported back to the evaporator by capillary action through the
wick.

Heat sink/condenser
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Figure 2: Working of the vapour chamber as a heat spreader.
Source: Authors, (2026).

The excellent thermal dissipation performance of ultra-thin heat pipes (UTHPs) makes them an attractive solution. These advantages
make UTHPs widely applicable in industries such as battery thermal management [19], solar collectors [20], [21], and electronics
cooling [22].
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1.1 CHALLENGES IN USING PASSIVE COOLING TECHNIQUES:

Passive cooling technologies serve as essential heat management solutions for contemporary electronics and industrial
applications. Heat pipes, phase change materials (PCMs), and vapour chambers present compelling substitutes for active cooling
systems owing to their energy reliability and effectiveness [23]. Nonetheless, despite their theoretical benefits, these technologies
encounter significant obstacles that hinder their actual application and market feasibility. The operational limit of a heat pipe indicates
the maximum heat transport capacity it can maintain before performance declines, dictated by various physical constraints [24].

These constraints include the capillary limit, where the wick structure fails to return adequate liquid to the evaporator against
gravitational and viscous forces; the sonic limit, which arises when vapour velocity nears sonic speed, resulting in choked flow; the
boiling limit, where excessive heat flux induces nucleate boiling in the wick and disrupts liquid flow; and the entrainment or flooding
limit, where high vapour shear entrains liquid droplets, obstructing return flow. Each limit is influenced by the heat pipe’s working
fluid, wick geometry, operating orientation, and temperature range [25].

Phase change material suffers operational challenges like low thermal conductivity [26], expansion/contraction during
melting/solidification can cause mechanical stresses, leakage, or damage to encapsulation [27], repeated melt-freeze cycles can cause
chemical instability, agglomeration, or loss of latent heat storage capacity [28], matching PCM melting temperature with component
safe-operating limits is critical; mismatch can lead to thermal throttling or insufficient protection [29].

For vapour chambers, manufacturing complexity increases with the miniaturisation requirements. The integration of
micropillar wick structures requires advanced manufacturing capabilities that may not be readily available [30]. Despite these
limitations, the heat transfer coefficient owing to the phase change mechanism in these devices makes them a preferred candidate for
TMED [31]. Figure 3 compares the heat transfer coefficient values for free convection, forced convection, and phase change
mechanism techniques.
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Figure 3: High heat transfer coefficient values for the phase change mechanism.
Source: [32].

The objective of this paper is to present a comprehensive evaluation that includes a bibliometric analysis to gain an
understanding of the predominant research efforts and the components that comprise them. A complete analysis of global applications,
authors, and published studies is provided in the ensuing sections of the bibliometric analysis. A bibliometric study is defined as a
statistical or quantitative analysis of literature, including books, journals, conference proceedings, and online information, to provide
insights into a particular subject area or written communication [33]. A bibliometric evaluation offers researchers a robust, data-driven
perspective to comprehend the intellectual landscape, discern new trends, drive strategic decisions, and effectively scan extensive
literature. When employed efficiently in conjunction with qualitative evaluations, it transforms into an essential instrument in
contemporary scholarship. The author found that there is hardly any bibliometric review done in the field of TMED and believes this
analysis will help new researchers to understand the trends in publications, author concurrence, and major contributing countries in the
area of thermal management of electronic devices.

Il. BIBLIOMETRIC SURVEY

An essential step in the research process is gathering data. Scopus, Clarivate, SCImago, Mendeley, ScienceDirect, and Google
Scholar are among the most frequently used publishing databases [34]. Scopus is the premier repository of citations and abstracts for
peer-reviewed scholarly articles. The Scopus database was consulted to gather literature on Thermal Management of Electronic Devices
(TMED), including articles, conference proceedings, and research papers published from 2000 to 2025. In any bibliometric research,
choosing the right keywords is essential. The use of keywords often illustrates heterogeneity in the usage of the conjunctions 'AND' and
'OR." The Scopus database advises that AND should be included when the analysis requires the use of both terms. The conjunction
"OR" should be used when one or more words are included in the expected search results [35].
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1.1 METHODOLOGY

For the present study shown in Figure 4, Scopus published documents are collected for the last 25 years, and a bibliometric
analysis is conducted for the parameters like top ten countries, languages, document types, and citation trends.

* Scopus data for 2000 to 2025
Collection

* Keyword selection with appropriate conjunctions

Keyword
selection

* Detailed analysis based on countries, languages,
document types, citation trend and author

analysis concurrence

Figure 4. Methodology for the present study.
Source: Authors, (2026).

11.1.1 Data Collection

The bibliometric analysis utilised data sourced from the Scopus website, recognised as a leading and extensive abstract and
citation database for peer-reviewed literature, encompassing conference proceedings, book chapters, and articles. Scopus provides a
thorough overview of international research output across various disciplines, including science, technology, medicine, social sciences,
mathematics, and the arts and humanities, along with advanced tools for tracking, analyzing, and visualizing research. Table 1 presents
the keywords utilized for searching Scopus. The bibliometric search keywords were carefully chosen to follow a funnel pattern, starting
with broad terms about thermal management and getting more detailed as we looked for new cooling techniques.

This layout lets the frequency analysis track how research interests gradually narrow over time, showing how the field changes
from broad ideas to more specific innovations. A total of 3,949 publications were identified from 2000 to 2025 for the search terms
Thermal, Management, Electronic, and Devices. A total of 223 papers were identified after limiting the search to TMED with a focus
on passive cooling. Upon refining keyword combinations related to TMED utilising passive cooling and vapour chambers, only 16
papers were identified. Scopus was searched with a combination of essential keywords, as shown in Table 1.

Table 1. Bibliometric distribution of technological combinations utilised in TEMD using passive cooling and vapour chamber.

S.N | Search category Number of Year
publications
I. | thermal AND management AND electronic AND devices 3949 2000 to 2025
I. | thermal AND management AND electronic AND devices AND 223 2000 to 2025
passive AND cooling
I1l. | thermal AND management AND electronic AND devices AND 16 2010 to 2024
passive AND cooling AND Vapour chamber

Source: Authors, (2026).

The keywords were refined as outlined in Table 1 to examine both the breadth and depth of thermal management mechanisms
employing passive cooling techniques and to assess the penetration of vapour chamber technology—a method widely used for efficient
heat spreading in compact electronic systems.

11.1.2 Analysis of Bibliometric Data

As discussed in the previous section, the following section analysis is carried out in categories as:

Category -I: ----Thermal Management of Electronic devices;
Category -II: --- Thermal Management of Electronic devices with passive cooling;
Category -I1I: ---Thermal Management of Electronic devices with passive cooling and vapour chamber.

The study of global research provides insights into nations, languages, kinds of published documents and their publishing
patterns, subject-specific evaluations, authors' contributions to research in certain areas, and correlates these with national
characteristics. A detailed discussion of the data collected on each of these areas is provided in the sections that follow.
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11.1.3 Studies on Thermal Management of Electronic Devices

@) Research trends in top ten countries

Keyword search using the words “Thermal Management of Electronic devices” returned contributions by 57 different countries
in between 2000 to 2025. The search results were plotted for the to 10 top countries. The country-wise distribution of documents
eliciting the number of research articles on TMED is shown in Figure 5, displays data on the 10 most productive countries.

Neme of countries

cplb||||||

Figure 5: Country-wise research trend from 2000 to 2025.
Source: Authors, (2026).

Figure 5 shows that China leads in terms of publications (1320, 33.43%), followed by the United States of America (1177,
29.80%). The remaining countries are behind in terms of publishing the research in such a crucial domain.

(b) Collaboration between Countries

Data acquired from the Scopus database using VOS Viewer [36] version 1.6.18. Bibliographic coupling research was used to
generate network maps linking nations based on their joint publications. The thickness of the lines linking the nodes in each network
map is dictated by the "link strength" and signifies network connectedness or co-citations. Fifty-seven countries have been effectively
represented on a network analysis diagram. Figure 6 illustrates the network of many nations and their collaborations with coauthors.
minimum threshold of five papers was established for a nation to be included in the list.
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Figure 6: Network analysis diagram based on country keywords.
Source: Authors, (2026).
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(c) Languages and Document Types

This section discusses the languages and document types seen in the subject matter. The documents were mainly published in
four languages, namely English (3863), Chinese (74), French (5), Japanese (5), Korean (3), Turkish (2), Polish (2) and 1 paper each in
Spanish, Italian and German. English accounted for more than 98% of total publications. In terms of document type, book chapters
(104), conference reviews (66), short surveys (6), articles (2232), conference papers (1351), reviews (176), and other document types
contribute far less to this field of study as shown in Figure 7. The majority of the additional analysis was conducted using document-
type articles, which are commonly found in these journals.

Publication types

* articies

s canference Gaper
conference reviewt

. reviewn

» thort 1urven

bock chapters

Figure 7: Document type distribution on TMED.
Source: Authors, (2026).

d) Publication Trend

Figure 8 shows the publication trend increasing rapidly post-2015. The year 2024 received a maximum publication of 617 on the
topic of TMED. The trendline shows the research initiatives taken by various authors across the globe to address the challenges faced
by the electronic community on the thermal front.

Year-wise Number of articles published on TMED

No of articles

Year

Figure 8: Publication trend year-wise on TMED.
Source: Authors, (2026).
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e) Subject area analysis

Though the article's database referred to in this study is limited to “Engineering” subject area only. But similar research is
carried out in other subject areas, which is visible from Figure 9 as shown below.

Subject area wise number of publications
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Figure 9: Subject area-wise number of publications on the topic of TMED.
Source: Authors, (2026).

f) Keyword-Based Network Analysis and Author Collaboration

Scopus data was further utilized for network analysis using VOS viewer version 1.6.18. As shown in Figure 10, network analysis
for co-occurrences of indexed terms is displayed. When analysing the data, the indexed keywords took into account synonyms, plurals,
and variations in spelling. More frequent keywords are denoted by larger font sizes on the network analysis graph, with five being the
minimal number of occurrences. The data allowed 2426 out of the total 22803 keywords to be plotted. The term "temperature control"
had the highest frequency, which had an effect on other keywords from other clusters that were represented by various colours. The
term "electronic cooling" appears frequently and has been connected to other keywords. The terms "thermal conductivity," "heat sinks,"
"phase change materials," "semiconductors,” "electronic packaging," "two phase," and "microelectronics™ were significantly prevalent.
Thus it appears that various aspects of TMED are explored by various authors.
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Figure 10: Diagram of network analysis using indexed keywords.
Source: Authors, (2026).
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The network of different authors and their partnerships with co-authors is depicted in Figure 11. The author's minimum
document count was limited to 5. Out of 13742 authors, it was possible to plot 261 of them on the graph. Data shows Yu Jinhong (21
articles, Citation 1730), Sun Rong (26 articles, Citation count 2006), Suresh Garimella (20 articles, Citation count 1224) and Avaram
Bar Cohen (25 articles, Citation count 498) did a lot of collaborative work.
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Figure 11: Diagram of the network analysis based on the authors' collaboration for TMED between 2000 and 2025.
Source: Authors, (2026).

Figure 12 shows that citations are continuously increasing over the years, which depicts the inclination of researchers in the
domain. The year 2024 received the highest citations of 16563 for the total 616 documents published in Scopus database. Till June
2025, the citation count and published documents have reached 70% of previous year.
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Figure 12: Diagram of the network analysis based on the citation trend on TMED between 2000 and 2025.
Source: Authors, (2026).

I1.1.4 Studies on Thermal Management of Electronic Devices With Passive Cooling

(@) Research trends in the top ten countries

Keyword search using the words “Thermal Management of Electronic devices with passive cooling” returned contributions by
40 different countries in between 2000 to 2025. The search results were plotted for the to 10 top countries. The country-wise
distribution of documents eliciting the number of research articles on TMED with passive cooling is shown in Figure 13, displays data
on the 10 most productive countries.
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No. of Documents Published

Name of countries

"

Figure 13: Country-wise research trend from 2000 to 2025.
Source: Authors, (2026).

China and the United States are almost equal in terms of publications, followed by India. The other Asian countries are behind
in the domain publication.

(b) Collaboration between Countries

Data obtained from Scopus database using VOS viewer version 1.6.18. Bibliographic coupling analysis was performed to create
network maps, as shown in Figure 14, connecting countries based on their collaborative publication. Authors from China, the United
States and Saudi Arabia are collaborating more compared to other countries, as visible from the “link strength”. It could be the reason
why research is on an increasing trend in those countries.
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Figure 14: Network analysis diagram based on country keywords.
Source: Authors, (2026).

(c) Languages and Document Types

This section discusses the languages and document types seen in the subject matter. The documents were mainly published in
four languages, namely English (219), Chinese (4). In terms of document type, book chapters (8), conference reviews (05), notes (1),
articles (124), conference papers (76), reviews (10), and other document types contribute far less to this field of study as shown in
Figure 15. The majority of the additional analysis was conducted using document-type articles, which are commonly found in these
journals.
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Publication Types
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» Conference paper

« Review

» Book chapter

= Conference review
Note

Figure 15: Document type distribution on TMED with passive cooling.
Source: Authors, (2026).

(d) Publication Trend

Figure 16 shows similar trend as that of earlier publications trend, signifying the interest of researchers in using passive cooling
technologies like phase change materials, heat pipes in mitigating the challenges posed by electronic cooling.

Year-wite number of srtiches publithed on TMED with passive cooling

No. of Articles

Year

Figure 16: Publication trend year-wise on TMED with passive cooling.
Source: Authors, (2026).

(e) Subject area analysis
Figure 17 shows that significant research articles are published in other subject areas apart from the engineering domain, which
shows that the cooling of electronic devices using passive cooling techniques holds many applications.
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Figure 17: Subject area-wise on TMED with passive cooling.
Source: Authors, (2026).
® Keyword-Based Network Analysis and Author Collaboration

Figure 18 shows the network analysis performed on VOS viewer for cited author collaboration. The minimum number of
documents of an author are considered as 2 and 66 authors meet the criteria out of 869. Figure 15 depicts the density visualization of 9

major clusters.

Figure 18: A network analysis diagram for TMED with passive cooling and vapour chamber from 2007 to 2024.
Source: Authors, (2026).

I1 1.5 Studies On Thermal Management Of Electronic Devices With Passive Cooling And Vapour Chamber

(@ Research trends in the top ten countries

Referring to figure 19 fetched from Scopus data between 2010 to 2025, the number of documents published in this niche area is
significantly lower. The United States is leading the way, followed by China and India. This shows there is a lot of scope for research in

this domain.
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Figure 19: Country-wise research trend from 2010 to 2025.
Source: Authors, (2026).

(b) Collaboration between nations

For the term "Thermal management of electronic devices with passive cooling and vapour chamber " Figure 20 shows the
network of different nations and their partnerships with other writers. A requirement of 1 document was set as a qualifying criterion in
order to be reflected on the graph. United nation authors show more collaboration with other countries in publishing research articles in
this domain.

R, vOSvewe EE——

Figure 20: A country network analysis diagram for TMED with passive cooling and vapour chamber 2010 to 2024.
Source: Authors, (2026).

(©) Types of Documents
Figure 21 shows the research articles and the conference papers contribution is more as compare to other document types.

Publication Types

» Article
» Conference paper
Book chapter

Figure 21: Document type distribution on TMED with passive cooling and vapour chambre.
Source: Authors, (2026).
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(d) Publication Trend

Since only Scopus database is referred here, figure 22 shows the number of publication year wise is on the lower side. The
count till 2016 is very less but the trend is gradually increasing from last two years.

Year-wise number of papers published on TMED with passive cooling and Vapour
Chamber

No. of Articles

> r—e—¢ *

Year

Figure 22: Publication trend year-wise on TMED with passive cooling and vapour chambre.
Source: Authors, (2026).

(e) Subject area analysis

Figure 23 shows the similar pattern as that of earlier two keywords. Physics and astronomy (7), Material science (6), Chemical
engineering (3) follows the lead after engineering subject area due to relevant application in respective domain.
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Figure 23: Subject area-wise on TMED with passive cooling and vapour chambre.
Source: Authors, (2026).
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111 COMPARATIVE ANALYSIS OF BIBLIOMETRIC TRENDS FOR ALL THE CATEGORIES

In this study, it is decided to do bibliometric analysis by three keyword search which narrow downs the research domains in
following three categories:

Category -I: ----Thermal Management of Electronic devices
Category -Il: --- Thermal Management of Electronic devices with passive cooling
Category -I1I: ---Thermal Management of Electronic devices with passive cooling and vapour chamber

The following section investigates all the three categories to arrive at meaningful conclusions
111.1 COUNTRY-WISE CONTRIBUTION

Overall, the number of publications started significantly rising after 2015 in the area of TMED. China (1380 documents, 32%)
is at the top of graph, followed by United states may be due to the funding provided by universities and the allied industries. This
helped the creation of value research and publication in the said countries. The Scopus data shows that more than 40 times Chinese
universities are giving acknowledgement for sponsoring the required funds. Apart from China, there is hardly any country in Asia that
is contributing to strengthening the domain. India, being a developing economy, shall focus on this research domain by extending a
helping hand to the MSME sector in the creation of state-of-the-art manufacturing capabilities like 3D printing and rapid prototyping.
The USA spends 3.59% of GDP on R&D in 2022, followed by China at 2.56%, while India falls far behind at 0.65%, according to the
most recent data available.

With yearly growth rates of 8.7%, China exhibits the greatest development trajectory, whereas the US and India display more
moderate growth trends [37]. The industry and academia shall come together to foster the research in such emerging areas [38] to
bridge the gap between industrial needs and academic ecosystem. The limited availability of domestic funding compels researchers to
pursue and depend on international collaboration. National scientific performance relies not solely on domestic R&D investments but is
also affected by foreign investments from other countries [39]. Lower-income countries contribute minimally to Sustainable
Development Goal (SDG) research, indicating a global misalignment [40] . This eventually affects the contribution of academia
research in national/international environmental policies [41].

111.2 TYPE OF DOCUMENT

The data indicates that the number of research articles published (2365) is higher across all three categories, with 56%, 55%
and 56% contributions in the first (2232 nos), second (124 nos) and third (9 nos) categories, respectively. The analysis reveals
significant scope in the third category to explore the vapour chamber as a passive cooling medium in the thermal management of
electronic devices, due to its superior thermal performance in a compact space.

The citation number of a publication tells volume about the significance and its penetration in research community. It also
paves the path to take the current research ahead. The research trend in figure 12 clearly shows the spike in number of documents
published as well as citations received are all time high in the year 2024 and similar trend is observed till mid-2025. This also indicates
that there is growing need and market for research in this domain. It is very likely that the growing need of end user and progression of
semiconductor technology is inviting more researchers to address the issues related to heat dissipation in compact spaces.

Data shows that engineering is not the only field wherein thermal issues related to electronic devices are pertinent. Physics and
astronomy, owing to the development of semiconductor technology, and chemical engineering, owing to thermal management of
control devices used in process industries and material science, owing to the development of lightweight and high thermal conductivity
material development are following the similar trend of engineering as subject area. Overall, multidisciplinary research can lead to
groundbreaking research in the area of TMED [41].

IV. CONCLUSIONS

The bibliometric analysis conducted based on Scopus publication data reveals that the thermal management of electronic
devices is picking up pace in the market due to the digitalisation and use of compact high-power electronic equipment. The present
study shows that China, followed by the United States of America, is leading the trend in terms of publication and research. This trend
is because the funding agencies and the government policies are more oriented towards research and development. It is also observed
that the author collaboration is more prevalent in these countries. This trend will attract more talent pool across the globe to seek higher
education opportunities in these countries. Indian authors are gradually making progress in the area of thermal management and
electronic cooling. In document types, the research articles are at the top, having more than 50% contribution for all three keywords
chosen.
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